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ABSTRACT
Shaik, Nurul Huda Ph.D., Purdue University, December 2017. New Multi-harmonic
Techniques for Sensing Tip-sample Interactions and Nanomechanical Material Property Mapping in Dynamic Atomic Force Microscopy.
Major Professor: Arvind
Raman, School of Mechanical Engineering.
The Atomic Force Microscope (AFM) is a versatile tool for studying and characterizing materials at the micro- and nano-scales. The microcantilever designs used in
AFM, as well as the experimental and theoretical approaches for quantitative material characterization, are now well developed and understood. However, there are
still certain experimental conditions where the conventional design of these probes
and the existing material characterization methods limit the applicability of the tool.
The challenges associated with the probe design are addressed by integrating
additional degrees of freedom into these probes that enabled modiﬁcation of the
eigen-structure of the probes as desired. Designing, fabricating and experimentally
demonstrating the performance of probes with embedded accelerometers for direct
measurement of tip accelerations and integrated low frequency paddles for improving
signal-to-noise ratio have been the most signiﬁcant contributions in this direction.
In terms of material characterization using AFM, the use of higher harmonics of
resonant cantilever vibration were proposed 20 years ago. Yet due to challenges in
acquiring several higher harmonics in regular tapping mode AFM, higher harmonic
AFM has been bypassed by other multi-frequency methods. We reconsider higher
harmonic AFM with a focus on utilizing a small number of measurable higher harmonics of the resonant mode. We develop a mathematical background for the frugal
use of higher harmonics, and test the eﬀectiveness of the method by estimating the
properties of some polymer blends.

1

1. INTRODUCTION
In Atomic Force Microscopy (AFM) [1], a microcantilever or probe with a sharp
tip is scanned over the sample or surface being studied and based on its response
the information about the sample is extracted. Surface characterization using AFM
started with the imaging mode known as contact mode AFM where the probe tip
was always kept in contact with the sample [1]. Dynamic AFM [2] was introduced
in order to improve the imaging speed, as well as resolution, while overcoming the
other shortcomings associated with the contact mode AFM, such as large lateral
forces and tip wear. Moreover, it allowed the samples to be studied and characterized
with smaller imaging forces. In dynamic AFM, a vibrating microcantilever is used to
image the topography of a sample by keeping the amplitude, and/or phase, and/or
frequency shift of the cantilever constant while scanning [2–4].
In conventional dynamic AFM the oscillating cantilever is scanned over the sample while being driven at a speciﬁc frequency (usually at the fundamental resonance
of the microcantilever) and the tip deﬂection corresponding to this drive frequency is
measured from which the tip-sample interactions can be studied (see Figure 1.1). The
tip-sample interaction force is a nonlinear function of tip-sample separation and tip velocity which is a consequence of surface forces such as viscoelastic, electrostatic, chemical, adhesive, magnetic, hydrophilic/hydrophobic, etc. Thus, the physical properties
of the sample surface not only aﬀect the cantilever response at the drive frequency
but also at other frequencies. Therefore, to gain a better understanding of these interactions, multi-frequency AFM methods [3–13] have been developed recently. These
multi-frequency methods involve the tip deﬂection measurement and/or cantilever
excitation at more than one frequency and enable better quantitative estimations of
material properties with high resolution and high speed.

2
1.1

Multi-frequency Methods in Dynamic AFM

The ﬁrst operating dynamic mode of AFM introduced is known as Amplitude Modulation AFM (AM-AFM) or tapping mode AFM [2], which is still widely used. In
AM-AFM, a microcantilever is driven harmonically near its fundamental resonance
and brought closer to the sample with a Z-piezo actuator (reduction in Z means
approach towards the sample and vice versa) to a set-point amplitude. This set-point
amplitude is maintained constant (hence the name amplitude modulation) while scanning by a feedback controller that adjusts the height of the cantilever from the sample
surface. The adjustment in the Z-piezo actuator to keep the amplitude of the cantilever constant is rendered as the topography of the sample.
It is well known that the cantilever dynamics in AFM are highly nonlinear [14–26]
due to the nonlinearity of tip sample interaction forces. These interaction forces
result in the response of the cantilever at the drive frequency as well as at its higher
harmonics (integer multiples of the drive frequency). This harmonic content (which
is above the noise ﬂoor and measurable with a suﬃcient signal to noise ratio) in
the cantilevers response was utilized and the time resolved interaction forces were
reconstructed for the ﬁrst time by the spectral inversion method [27]. This method
relies on the measurement of a large number of harmonics (at least 15-20) for accurate
reconstruction of the interaction forces.
However, the signal to noise ratio of these higher harmonics decreases [28, 29] as
the harmonic number increases, especially in air, making it diﬃcult to recover the high
frequency components of the interaction forces. To overcome these issues, new designs
such as torsional harmonic cantilevers [30–32] and cantilevers with interdigitated high
bandwidth ﬁngers [33–37] were proposed. All of these techniques can be grouped
into multi-harmonic techniques since they depend on the measurement of multiple
harmonics of the cantilever’s response while it is being driven at a single frequency
and can be thought of as a subsection of multi-frequency AFM.
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There is another category of methods in multi-frequency AFM, such as multimodal excitation [5–10], band excitation [11] and intermodulation AFM [12, 13] that
are based on excitation at multiple frequencies. The simplest version of multi-modal
excitation is the bimodal AFM [5–9] in which two eigenmodes of the cantilever are
excited. The output corresponding to diﬀerent the driving modes can be used to study
diﬀerent aspects of the materials. This was further extended to trimodal excitation
[10]. In band excitation, an excitation signal generated over a continuous band of
frequencies is used to drive the AFM probe and the response of the probe measured
over that frequency band is used to study diﬀerent properties of the sample. In
intermodulation AFM, the probe is driven at multiple frequencies which are not
necessarily the resonant frequencies of eigenmodes but are generally close to them.
This results in the response of the probe not just at the driving frequencies but also
at other frequencies, the so called intermodulation frequencies, which can be used to
study the tip sample interactions. All of these multi-frequency methods have their
own advantages and disadvantages [38].
The work presented here is focused mainly on AM-AFM for two reasons. First,
it is still the most widely used and it is relatively easy for an average AFM user
to understand its operation. Second, the nonlinear dynamics of AM-AFM are well
understood [14–26]. In contrast, the nonlinear dynamics of multi-frequency excitation
techniques are not well understood; in fact no bifurcation and stability analysis of
an AFM with multi-frequency excitation has been undertaken to date. Moreover
AM-AFM is rapidly evolving as an eﬀective imaging mode with the requirement of
only a few number of harmonics to extract material properties [39–42]. This work is
focused on overcoming some of the limitations in AM-AFM and aims at developing
new multi-harmonic techniques in order to be able to sense the tip sample interactions
in a better way and also for quantitative nanomechanical material property mapping.
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1.2

Methods for Sensing Tip-sample Interactions in Dynamic AFM

This section discusses various methods proposed earlier for sensing tip sample interactions in dynamic AFM utilizing the conventional or special AFM probe designs.
These can be broadly divided into two categories as (i) methods based on micromechanical sensors and (ii) those based on enhancers.

1.2.1

Methods Based on Micromechanical Sensing

In dynamic AFM, the oscillating cantilever is scanned over the sample while regulating the amplitude or phase or frequency; hence, the tip-sample interactions cannot be
directly controlled or measured. Thus, no experimental observable is directly proportional to the tip-sample interaction while scanning a sample. Though the Z required
to reduce the amplitude and the phase of the fundamental harmonic are observables,
the problem with Z is that it is amenable to drift and it is already used for rendering
topography. Therefore, phase is only one variable and thus insuﬃcient for reconstructing interactions which need many observables. For these reasons several approaches
have been proposed to extract the tip-sample interaction forces while scanning the
sample in a dynamic AFM mode: (a) by using the AFM microcantilever itself as a
force sensor [27, 43–48] or (b) by adding a high bandwidth force sensor between the
cantilever and its tip [30–37].
In category (a) the amplitudes and phases of tip deﬂection corresponding to the
drive (see Figure 1.2) and/or their higher harmonics (see Figure 1.3) are used to study
the tip-sample interactions. However, the sensitivity of these harmonics decreases as
the harmonic number increases making it diﬃcult to recover the high frequency components of the interaction forces. To overcome these issues, a category (b) of force
sensors has emerged recently where a high bandwidth oscillator is added in between
the microcantilever and its tip (see Figure 1.4). In one such implementation [30–32]
an eccentric tip mounted on a T-shaped torsional harmonic cantilever has been introduced. Here, the force sensor is essentially the torsional mode of the cantilever
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and the twisting angle caused by periodic tip-sample interactions can be measured
using the lateral photodiode channel and can be correlated to the tip-sample interaction force. Another approach [33–37] utilizes interdigitated high bandwidth ﬁngers
embedded into the cantilever as the force sensor. An optical interferometer measures
the relative motion between the ﬁngers which can be correlated to the tip-sample
interaction force.
The sensors proposed in [30–37] are force sensors that can signiﬁcantly modify the
stiﬀness of the fundamental mode of the cantilever but more importantly they modify
the eﬀective contact stiﬀness. These modiﬁcations then lead to modiﬁed contact times
and peak forces compared to the cantilever without the force sensor. Thus the force
sensor can modify the very interactions it is intended to sense.

1.2.2

Methods Based on Micromechanical Enhancement

These methods are based on resonant or non-resonant enhancement of the response
of the microcantilever used for measuring the tip sample interactions. In most AFM
systems, the optical beam deﬂection technique [49, 50] senses the deﬂection of the
microcantilever tip (we use tip throughout the manuscript to refer to the location on
the microcantilever where the actual tip is located). An optical beam from a laser
diode focuses onto the end of the microcantilever and a position sensitive detector or
photodiode monitors the position of the reﬂected beam. The optical lever sensitivity
(OLS) is a key performance measure of this sensor and is deﬁned as the ratio of photodiode output in milliVolts (mV) to the transverse deﬂection of the tip in nanometers
(nm). The OLS (mV/nm) is proportional to the angular change of the laser beam
reﬂected oﬀ the microcantilever which in turn depends on the change in slope of the
microcantilever at the point where the laser is focused.
Achieving a large photodiode signal (which is proportional to the OLS) relative
to the existing noise ﬂoor is an important goal in AFM systems for several reasons:
(i) to boost the signal to noise ratio (SNR) of the instrument; (ii) to allow smaller
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imaging forces [51] since it is possible to detect smaller amplitude vibrations with
improved OLS, thereby preventing potential damage to the samples; and (iii) to detect
the higher harmonics of cantilever vibrations with high SNR for improved material
contrast imaging [22,52–57]. Note that increased OLS alone may not necessarily lead
to a corresponding increase in SNR [58]. Increasing the SNR depends on both how
the OLS is increased as well as what the dominant source of noise is. For applications
involving dynamic AFM on commercial AFM systems the laser shot noise is the
dominant source of noise [59].
OLS can be increased by optical means for example by changing the size and shape
of the laser spot incident on the photodiode [60–62]. OLS can also be increased by
modifying the refractive index discontinuity and spot location [62]. However, these
approaches have already been well-studied and optimized in AFM systems. Another
way to boost the OLS is to decrease the microcantilever length [63–68] which for the
same tip displacement leads to a larger bending angle compared to a conventional
long microcantilever. However, this leads to a disproportional increase in resonance
frequency. For example, reducing the length of a tapping mode microcantilever from
200 µm down to 20 µm will increase the OLS by an order of magnitude however it will
also increase the natural frequency by two orders of magnitude (say from 300 kHz to
30 MHz). The smallest commercially available silicon nitride microcantilevers are 10
µm long, 0.1–0.3 µm thick and 3–5 µm wide with fundamental resonance frequencies
of ≈1–5 MHz in air. Higher harmonics in these cantilevers often appear in the 2–3
MHz range which lies beyond the bandwidth of commercial AFM systems (1-2 MHz
for conventional AFM systems, and 5-10 MHz for new AFM systems). Thus, detecting
surface forces with higher harmonics or higher microcantilever eigenmodes using ultrasmall microcantilevers becomes problematic. Moreover, the size of microcantilevers
cannot be made much smaller because it becomes diﬃcult to fabricate the tips, to
focus the laser beam onto such small probes [64].
Because of these limitations of current technology there is an interest in alternate
methods, beyond the use of small microcantilevers, to boost the OLS of conventional
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microcantilevers. Some authors have proposed to enhance the OLS by modifying the
design of the conventional microcantilevers (see Figure 1.5) [69–72]. Speciﬁcally, harmonic cantilevers [69] or a tuned embedded second cantilever [70] have been proposed
for boosting the SNR of higher harmonic signals in dynamic AFM. However, these
are resonant ampliﬁers which require tuning the frequency of a speciﬁc higher order
mode of the microcantilever to be nearly identical to an exact integer multiple of the
fundamental resonance frequency. Given the manufacturing tolerances of standard
microfabrication approaches such cantilevers cannot be easily fabricated with high
yield. Moreover, they are not designed to enhance the OLS of the fundamental mode
of the cantilever.
Therefore, there is a need, because of the challenges and limitations associated
with the existing technology discussed in Sections 1.2.1 and 1.2.2, to develop; (i)
micromechanical sensors with which the tip sample interactions can be measured
without directly interfering with them; and (ii) micromechanical enhancers which can
amplify the response over a wide frequency bandwidth without many modiﬁcations
to the fundamental properties of the AFM probes.

1.3

Multi-harmonic Methods for Material Property Mapping

Dynamic AFM methods have been gaining much attention recently due to the advantages they oﬀer such as; (i) imaging with high speeds; (ii) being able to probe the
samples with small imaging forces; and (iii) a signiﬁcant reduction of lateral forces
applied by the tip on the samples. This section is an overview of the multi-harmonic
AFM methods, a subsection of dynamic AFM methods, developed for nanomechanical
material property mapping.
A key goal in nanoscale imaging using AFM is to map simultaneously the local
material properties while scanning the sample topography with high spatial resolution, speed, and with gentle forces. In the context of AM-AFM, the information
about the local material properties are embedded in the time proﬁle of the tip-sample
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interaction force as the nanoscale tip periodically swings in and away from the sample
surface. This periodic interaction force is nonlinear and creates anharmonics in the
cantilever vibration spectrum. The acquisition of many harmonics (typically ≈20)
of cantilever vibration as observables to reconstruct “blindly” the tip sample interaction force has been proposed as a way to quantitatively map the properties pixel by
pixel [27, 30, 47, 48].
Scanning probe acceleration microscopy was proposed [47] and spatially resolved
surface force maps were correlated to material properties such as modulus and adhesion. The capability of torsional harmonic cantilevers [30, 32] was demonstrated by
simultaneously obtaining maps of topography, elastic modulus, adhesion force and energy dissipation in a single scan. Interferometric high bandwidth force sensors [36,37]
were applied to quantify elastic modulus and adhesion force with nanoscale spatial
resolution. However, these methods are based on the measurement of many harmonic
observables of the drive frequency and the acquisition of such a large number of observables per pixel is often neither feasible due to poor signal to noise ratio or limited
bandwidth of the microscope, nor is it required since only a small number of materials
properties need to be estimated typically. Based on this fact, a new multi-harmonic
dynamic AFM method was proposed recently in which a minimum set of harmonics
was used for nanoscale mapping of the local stiﬀness and viscoelastic dissipation in living cells [39]. This method was developed ﬁrst and has been used for nanomechanical
property mapping of biological samples in liquid environments [39–42]. In the present
work this method will be extended to mapping material properties quantitatively in
ambient conditions.

1.4

Contributions and Layout of the Thesis

In relation to the state-of-the-art presented in the earlier sections, this report aims
to develop new multi-harmonic techniques for sensing tip-sample interactions and
material characterization in dynamic AFM. The main contributions are as follows.
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• A novel way of integrating rotational paddle accelerometers with AFM microcantilevers for the measurement of tip accelerations in dynamic AFM.
• Optical lever sensitivity enhancement of microcantilevers for dynamic AFM via
integrated low frequency paddles over a wide frequency range.
• Development of a multi-harmonic AFM method that relies on a few harmonic
observables for quantitative nanomechanical property mapping of materials.
The thesis is organized as follows. In Chapter 2, a way of integrating paddle shaped
accelerometers on to commercially available AFM probes to directly measure the tip
accelerations is presented. Chapter 3 discusses optical lever sensitivity enhancement
of the microcantilevers used in dynamic AFM by integrating low frequency paddle
oscillators. Chapter 4 focuses on developing the theory of a multi-harmonic method
by utilizing a few harmonics observables of cantilever deﬂection for quantitatively
mapping the nanomechanical material properties and demonstrating the applicability
of the method by estimating the properties of some polymer blends while discussing its
advantages and limitations. Chapter 5 is dedicated to future directions of extending
the multi-harmonic method developed in Chapter 4.
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Figure 1.1. Schematic diagram of dynamic AFM. A vibrating microcantilever interacts with the sample as it is scanned over it. The resulting
response of the cantilever is analyzed to extract tip-sample interaction
forces.
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Figure 1.2. The amplitude and phase response at the drive frequency
in dynamic AFM [33] as a function of cantilever approach to sample.
Integral equations are used to reconstruct tip sample interaction force
from this amplitude and phase response. Similar methods were proposed
in [31, 32, 34].
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Figure 1.3. The Spectral inversion technique [15]. The amplitude spectrum containing harmonics of drive frequency was utilized to reconstruct
time resolved interaction forces by inverting the transfer function of the
cantilever. A similar method is used in scanning probe acceleration microscopy [35].

(a)

(b)

Figure 1.4. (a) A torsional harmonic cantilever [18]. A microcantilever
with a tip mounted eccentrically from its longitudinal axis. The torsional
mode of the cantilever will be excited as the tip interacts with sample and
its response measured from the lateral channel of the quadrant photodetector is used to reconstruct the interaction forces. (b) An interferometric
high bandwidth force sensor [23] that consists of interdigitated ﬁngers at
the free end of the probe. The relative motion between these ﬁngers is
measured using an interferometer and is used to reconstruct the interaction forces.
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(a)
(c)

(b)

Figure 1.5. (a) Harmonic cantilevers [69] – ampliﬁcation by tuning a speciﬁc higher mode of the microcantilever to be resonant at an exact integer
multiple of the fundamental resonance. (b) A probe with a dedicated second cantilever [70] to enhance the response of a speciﬁc higher harmonic
in dynamic AFM. (c) A probe with an internal resonator paddle [72] that
enhances the sensitivity.
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2. MICROCANTILEVERS WITH EMBEDDED ACCELEROMETERS FOR
DYNAMIC ATOMIC FORCE MICROSCOPY
This chapter introduces a novel way of integrating accelerometers directly on to commercial AFM cantilevers as a ﬁrst step in an eﬀort to overcome the shortcomings of
some of the existing dynamic AFM methods.
The measurement of the intermittent interaction between an oscillating nanotip
and the sample surface is a key challenge in dynamic AFM. Accelerometers integrated
onto AFM cantilevers can directly measure this interaction with minimal cantilever
modiﬁcation but have been diﬃcult to realize. Here we design and fabricate high
frequency bandwidth accelerometers on AFM cantilevers to directly measure the tip
acceleration in commercial AFM systems. We demonstrate a simple way of calibrating
such accelerometers and present experiments using AM-AFM on freshly cleaved mica
samples in water to study the response of the accelerometer.
In dynamic AFM, in particular AM-AFM, improving the force sensitivity of higher
harmonics has been a research interest over the past few years. In order to do this,
several research groups have proposed special cantilevers [30–37] to extract the tipsample interaction forces while scanning the sample in a dynamic AFM mode. The
sensors proposed are all force sensors which can be globally categorized as a high
bandwidth oscillator attached between the main cantilever and its tip, as shown
schematically in Figure 2.1(a). However, these approaches can signiﬁcantly modify
the stiﬀness of the fundamental mode of the cantilever and more importantly they
modify the eﬀective contact stiﬀness since the high bandwidth force sensor is like a
spring between the oscillating cantilever and the sample. These modiﬁcations then
lead to modiﬁed contact times and peak forces compared to the cantilever without
the force sensor. Thus, the force sensor can modify the very interactions it is intended
to sense.
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Ideally a sensor embedded in a cantilever to measure tip-sample interactions in
dynamic AFM should be a non-intrusive device that has a minimal eﬀect on the
original AFM probe design and on the dynamics of the original AFM probe. To
this end, the sensor needs to be (a) low mass, (b) which minimally eﬀects the mass
distribution of the original cantilever, and (c) one whose mass and stiﬀness can be
optimized locally without requiring global changes to the cantilever design. Here,
we propose such a sensor that acts like an accelerometer which can be thought of
as a simple spring-mass system attached at the free end of the cantilever as shown
schematically in Figure 2.1(b). The accelerometer is a type of inertial sensor that
measures acceleration. It does not directly participate in the tip-sample interaction
and thus does not modify the contact time/peak tapping force nor the stiﬀness of the
fundamental cantilever mode but rather it simply monitors the tip acceleration.

2.1

Paddle Accelerometer Design and Modeling

In the proposed design, a paddle is fabricated close to the free end of the cantilever
with two small hinges such that the hinge axis is parallel to the cantilever’s longitudinal axis as shown in Figure 2.1(c). As a result the paddle rotates in a direction orthogonal to the vertical motion of the cantilever as the tip interacts with the sample. The
resonance frequency of the paddle is chosen to be higher than the fundamental resonance frequency of the cantilever so that the paddle rotation is proportional, within
the accelerometer’s bandwidth, to the vertical cantilever acceleration at the hinges.
Thus by measuring the rotational motion of the paddle, the vertical tip acceleration
can be obtained. The voltage from the lateral channel of a four quadrant-photodiode
is independent of the output from the vertical channel and can be used to detect the
rotational motion of the paddle while the vertical channel is used to detect the vertical
tip motion as usual. Moreover, the gain and bandwidth of the paddle accelerometer
mainly depend on the stiﬀness of its hinges whose dimensions can be independently
adjusted without causing much change to the cantilever geometry as a whole.
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The hinged paddle is an inertial sensor and it is diﬃcult to achieve simultaneously
high gain and bandwidth. This design trade-oﬀ between its gain and bandwidth can
be understood in the context of a simple model of the paddle accelerometer. The
paddle can be modeled as a rigid body with dimensions Lp × wp × tp (length × width
× thickness) restrained by a torsional spring of stiﬀness kh (N-m/rad) that rotates
about the hinge axis as shown in Figure 2.1(d). The equation of motion of the paddle
about the hinge axis assuming θ as its rotation is
Ip

dθ
mp Lp d2 y
d2 θ
+
c
+
k
θ
=
h
dt
2 dt2
dt2

(2.1)

where mp = ρLp wp tp is the mass of the paddle with density ρ, Ip =

mp
(4Lp2 +tp2 )
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is the

rotational inertia of the paddle about the hinge axis and c is the damping coeﬃcient.
The voltage from the lateral photodiode channel vl (t) = Vl (ω)eiωt is proportional to
the paddle rotation θ(t). Assuming that vl (t) = cp θ(t) where cp is a proportionality
constant and substituting θp = Vl (ω)eiωt and y(t) = Y (ω)eiωt into Eq. (2.1) and
taking the Fourier transform, we obtain a transfer function G(ω) that measures the
ratio of the paddle rotation (Volts) to the vertical tip acceleration (m/s2 )

|Gp | =

where ωp =

Vl
mp Lp
s
= cp
2
2kh
Yω
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2
2
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ωp

(2.2)
1
Qp



ω
ωp

2

p
kh /Ip is the natural or fundamental resonance frequency of the paddle

and Qp = ωp Ip /c is the corresponding quality factor. Note from Eq. (2.2) that the
p
gain is proportional to mp /kh whereas the bandwidth ωp is proportional to kh /mp .
Hence, as the gain increases the bandwidth decreases and vice versa. For quadrant
photodetectors used in typical commercial AFM systems, the minimum detectable
rotation angle is ≈ 5 µrad. Therefore in this work, the dimensions of the paddle and
hinges were determined keeping in mind a target gain value of 1×10−8 rad/(m/s2 ) such
that the paddle can pick up the acceleration corresponding to ≈ 2 nm of oscillation
amplitude at 75 kHz. The bandwidth chosen while designing the paddle was ≈ 400
kHz so that it can track the ﬁrst ﬁve harmonics of acceleration.
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2.2

Fabrication

In our initial work, the paddle was cut from a commercially available AFM cantilever
using a Ga focused ion beam from an FEI Nova 200 milling machine. An acceleration voltage of 30 kV and a beam current of 2 nA are used to cut the paddles.
Generally speaking smaller paddle sizes are preferred to reduce mass and increase
the accelerometer frequency bandwidth. However, the smallest paddle size is usually
limited by the size of the laser spot since the paddle should at least be large enough
for the laser spot to fall on it completely. Another constraint in the fabrication is the
thickness of the hinges which is diﬃcult to control during a focused ion beam milling
operation. Here, we chose the thickness of the hinges to be same as the thickness of
the cantilever. The cantilevers used to fabricate the paddles are Aspire probes from
nanoScience Instruments that have a nominal stiﬀness of 3 N/m and a nominal resonance frequency of 75 kHz in air. The measured parameters of the cantilever and the
paddle used in this study are summarized in Table 2.1. Its SEM micrograph is shown
in Figure 2.2 which has a gain of ≈ 1.8 × 10−8 rad/(m/s2 ). The paddle was fabricated
with long hinges to have relatively high gain for the same bandwidth compared to the
design shown in Figure 2.1. Note that the paddle minimally aﬀects the fundamental
cantilever eigenmode stiﬀness since the paddle is fabricated near the free end while
most of the strain energy is localized near the base of the cantilever.

2.3

Characterization and Calibration of the Accelerometer

The paddle accelerometer was further characterized using a Polytec MSA 400 laser
Doppler vibrometer to determine how accurately the paddle rotation is tracking the
acceleration of the tip. In order to do this, the cantilever with paddle is driven using
“swept sine” excitation between frequencies from 50 kHz to 550 kHz while measuring
the displacement corresponding to two points on the paddle. From this data, the
paddle rotation can be determined. Similarly the tip displacement is measured in the
same frequency range and is multiplied by ω 2 to obtain the tip acceleration. A plot
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of the paddle rotation and tip acceleration is given in Figure 2.3. It can be seen from
the ﬁgure that the paddle rotation is proportional to the cantilever tip acceleration
up to about 300 kHz, i.e. up to about 5 harmonics of the tip acceleration. This
characterization was repeated for ﬁve diﬀerent cantilevers to ensure that such embedded accelerometers indeed accurately track the tip accelerations. The corresponding
data are provided in Table 2.2 of which probe 4 is used for the experimental results
presented here.
To calibrate the voltage output in the lateral photodiode channel to vertical tip
acceleration, the cantilever is driven harmonically at its fundamental eigenmode frequency ω0 with large tip amplitude A when the cantilever is far from a sample. At
this frequency, from Eq. (2.2), the paddle accelerometer gain is ≈ cp mp Lp /2kh since
ω0 << ωp . Moreover, since the paddle is very close to the tip, the amplitude (Y )
at the hinge axis of the paddle is assumed to be the same as A. The maximum tip
acceleration is then Aω02 and the voltage from the lateral photodiode channel due to
the paddle is calibrated to this known tip acceleration using Eq. (2.2). This method
of calibrating the accelerometer is very simple since we do not have to know the exact
values for cp , mp , Lp and kh . We can treat the term cp mp Lp /2kh as a calibration constant which can be determined since we know the experimentally measured amplitude
of the lateral photodiode signal (Vl ), amplitude of the vertical cantilever deﬂection
(Y = A), drive frequency (ω = ω0 ), paddle resonant frequency (ωp ) and its quality
factor (Qp ). The same calibration constant is used even when the tip is interacting
with the sample and in this case, the unknown quantity is the tip acceleration which
is extracted by inverting the transfer function of the paddle.

2.4

Experimental Results and Discussion

The performance of the accelerometer was studied by performing a tapping mode
experiment on mica in deionized water using a Cypher AFM from Asylum Research.
We choose to demonstrate the concept in liquid environments for two reasons. First
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the early experiments on tip acceleration were performed in liquids [47] and secondly
the tip accelerations are usually larger while tapping on samples in liquids than in
air due to signiﬁcant anharmonic cantilever oscillations while tapping on samples
at low Q factors [54, 73]. The cantilever is driven at its fundamental eigenmode
frequency with a free vibration amplitude of ≈ 16 nm. The vertical and lateral signals
from the photodiode are measured simultaneously along with the driving signal in
the time domain for about 1 sec using a digital oscilloscope (PicoScope 4224 from
picoTechnology) with a sampling frequency of 5 MHz. After Fourier transform of
these signals followed by comb ﬁltering [47, 48], the ﬁrst 20 harmonics are clearly
distinguishable above the noise ﬂoor. By inverting the transfer function of the paddle
using the ﬁrst 20 harmonics of the lateral signal, the acceleration can be reconstructed
in the time domain as shown in Figure 2.4(a).
The tip acceleration obtained from the experiment is compared with that obtained
by simulating the experiment in the AFM simulation software, Virtual Environment
for Dynamic Atomic force microscopy (VEDA) [74–76]. The experiment is simulated
using a two-eigenmode cantilever model in VEDA with the frequency and quality
factor of the second cantilever bending mode as given in Table 1.1. The frequency
and quality factor of the second bending mode are obtained from the thermal spectrum and its stiﬀness is taken as 40 times that of the fundamental eigenmode. The
DMT tip-sample interaction model with an adhesion force of 3.5 nN (obtained from
a static force-distance curve) is used and the other input simulation parameters are;
tip radius of 10 nm, tip mass which is 1.7% of the cantilever’s mass, sample stiﬀness
and Poisson’s ratio of 60 GPa and 0.3 respectively, ﬂuid viscosity of 0.001 Pa-s to
include squeeze ﬁlm damping eﬀects and the hydration force scaling parameters [77].
The simulation result is shown in Figure 2.4(b) which is in good agreement with
experiment shown in Figure 2.4(a).
There are several important reasons why the direct measurement of tip acceleration is superior to the alternative of taking the second time derivative of the measured
cantilever deﬂection [47, 48]. First, time derivatives introduce signiﬁcant noise into
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acceleration measurement. Secondly, it has been reported that when the AFM cantilever tip interacts with the sample the cantilever’s second mode can be momentarily
excited, and that this eﬀect is especially prominent in liquid environments [73,78,79].
Because the optical lever sensitivity of each eigenmode is diﬀerent [80, 81], taking
the second time derivative of cantilever deﬂection [47, 48] while continuing to use the
ﬁrst eigenmode optical lever sensitivity leads to inaccurate estimations of tip acceleration. For example, considering the result shown in Figure 2.4(a), approximating
the acceleration with the second time derivative of cantilever deﬂection results in a
peak acceleration of ≈ 4 nm/s2 which overestimates the measured value by a factor of
approximately 4. The embedded accelerator measures the tip acceleration correctly
regardless of the number of eigenmodes involved in the cantilever dynamics.
It is also interesting to ask the question whether and how the measured tip acceleration proﬁle is related to the actual tip-sample interaction force proﬁle. An initial
answer to this question can be obtained from an equivalent point mass model of the
cantilever’s fundamental mode given by [47]

m1

dq1
d 2 q1
= −c1
− k1 q1 + Fts + Fdr
2
dt
dt

(2.3)

where the product of the equivalent mass of the fundamental mode [82] m1 and the
measured acceleration

d2 q1
dt2

yields the net forces acting on the fundamental mode

including the excitation force Fdr , elastic restoring force k1 q1 with k1 being the equivalent stiﬀness of the fundamental mode, the tip sample force Fts , and the damping
√
force c1 dqdt1 where c1 = m1 k1 /Q1 and Q1 is the quality factor of the fundamental
mode of the cantilever. We estimate [81] that the equivalent mass of the fundamental mode of this cantilever in liquid is m1 = k1 /(2πf1 )2 = 71.6 ng where k1 is the
calibrated stiﬀness using the thermal method in water (1.71 N/m) and f1 is the resonance frequency in water (24.6 kHz). Using this equivalent mass and the approach
outlined in [47, 48] we estimate that the peak tip-sample force corresponding to the
acceleration proﬁle in Figure 2.4(a) is ≈ 35.8 nN whereas that corresponding to the
simulation in Figure 2.4(b) is ≈ 26.4 nN. However, much care must be taken in using
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this simple conversion of acceleration into peak forces due to the following eﬀects.
In liquid environments for moderate to large oscillation amplitudes it is known that
the second eigenmode can be momentarily excited during contact [78] and that the
accurate reconstruction of interaction forces requires the use of a two-degree of freedom model instead of the point mass oscillator model [79]. We conclude that at least
in liquid environments the measured peak acceleration is related to the peak force;
however, a quantitative conversion from one observable to another requires systematic consideration of the contribution of each eigenmode to the resulting acceleration
using multi-degree of freedom cantilever models [79].

2.5

Summary

In conclusion, we have presented an approach to integrate accelerometers directly on
commercially available AFM cantilevers. We have demonstrated the performance of
the accelerometer with tapping mode experiments performed on a mica sample in
deionized water. Integrating such accelerometers into AFM cantilevers oﬀers several
advantages such as; (i) the fact that the acceleration is measured in the lateral photodiode channel; (ii) it does not modify the contact stiﬀness as force sensors do; and
(iii) it is considerably superior to the alternative of taking two time derivatives of the
tip deﬂection signal. The integration of a simple accelerometer in an AFM microcantilever opens up a method for getting tip accelerations that avoids many of the
problems associated with prior methods. However, the main disadvantage is that the
paddle is an inertial sensor which makes it diﬃcult to achieve simultaneously high
gain as well as high bandwidth. This might limit the application of the proposed
accelerometer though it served as a means to sense tip-sample interactions. In the
next chapter, we follow a similar approach to integrate paddles with AFM probes
such that their frequency is below the fundamental resonance frequency of the main
AFM probe unlike the high bandwidth in the case of paddle accelerometers discussed
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in this chapter. The advantages of having low frequency paddles on the AFM probes
for dynamic AFM applications will be discussed in detail in the following chapter.
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Table 2.1.
Dimensions and other measured parameters for the microcantilever with
paddle accelerometer used in this work.
Dimensions

Cantilever

Paddle

Lc

230 µm

wc

40 µm

tc

2.3 µm

Lp

28 µm

wp

15 µm

tp

2.3 µm

Stiﬀness, k1

1.84 N/m

Frequency, f1

62.3 kHz

Q-factor, Q1

104.6

Frequency, f2

355.8 kHz

Q-factor, Q2

341.9

Frequency, fp

514.7 kHz

Q-factor, Qp

386.6

Stiﬀness, k1

1.71 N/m

Frequency, f1

24.6 kHz

Q-factor, Q1

4.1

Frequency, f2

136.5 kHz

Q-factor, Q2

4.5

Frequency, fp

271.9 kHz

Q-factor, Qp

5.2

Operation under ambient

Cantilever’s fundamental mode

Cantilever’s second mode

Paddle Mode
Operation under water

Cantilever’s fundamental mode

Cantilever’s second mode

Paddle Mode
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Table 2.2.
Data corresponding to the laser Doppler vibrometer characterization of
diﬀerent probes with paddle accelerometers.
Probe

Cantilever frequency

Paddle frequency

Sensing bandwidth†

1

60.4 kHz

578 kHz

240 kHz

2

62.6 kHz

396 kHz

270 kHz

3

59.4 kHz

404.9 kHz

290 kHz

4

62.3 kHz

514.7 kHz

300 kHz

5

60.3 kHz

618.2 kHz

285 kHz

†

Approximate frequency up to which the paddle rotation tracks the tip acceleration.
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(a)

(b)

High bandwidth
force sensor

High bandwidth
acceleration sensor

AFM
cantilever
Sample surface
Photo
detector

(c)
AFM
cantilever

Paddle
rotation

Cantilever
motion

Laser
beam

Laser
diode
Torsional
hinge



y (t )

(d)
Sample

Figure 2.1. The diﬀerence between a high bandwidth force sensor (a)
and an accelerometer (b). (c) depicts a schematic diagram of an AFM
cantilever with paddle accelerometer. The deﬂection of the cantilever
is monitored by the normal channel of the four quadrant photodiode as
usual and the rotational motion of the paddle is monitored by the lateral
channel. In (d), a rigid body model of the paddle accelerometer with
torsional spring of stiﬀness, angle of rotation (positive CCW) and vertical
motion at the hinge axis.
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40 μm

Figure 2.2. Scanning electron micrograph of the microcantilever with
fabricated paddle accelerometer used in this work.
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B1

B2

Paddle
mode

Figure 2.3. Paddle rotation and cantilever tip acceleration as a function
of the drive frequency. Paddle rotation is proportional to the vertical tip
acceleration up to ≈ 300 kHz. B1 is the fundamental bending mode of the
cantilever and B2 represents the second bending mode. The measurements
were done under ambient conditions.
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Figure 2.4. (a) Experimental data under water showing two cycles of vertical cantilever deﬂection and tip acceleration at 90% set-point obtained
by inverting the transfer function of the paddle accelerometer. The horizontal bar shows the period of the cantilever’s second mode of oscillation.
(b) Tip deﬂection and acceleration from simulations using VEDA.
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3. ENHANCING THE OPTICAL LEVER SENSITIVITY OF
MICROCANTILEVERS FOR DYNAMIC ATOMIC FORCE MICROSCOPY VIA
INTEGRATED LOW FREQUENCY PADDLES
In this chapter, a method is presented to enhance the optical lever sensitivity in
dynamic AFM by nearly an order of magnitude over a wide frequency bandwidth.
This is achieved by fabricating or releasing a paddle with a soft hinge close to the
free end of the AFM microcantilever such that the paddle resonance frequency is well
below the fundamental resonance frequency of the microcantilever.
Paddles embedded in cantilevers have been used in diﬀerent contexts to amplify
SNR for cantilever tips in continuous contact with the sample. For example, the
addition of a paddle shaped harmonic oscillator to triangular AFM cantilevers [71] has
been proposed for piezoresponse force microscopy [83]. These cantilevers are designed
such that their contact resonance frequency is higher than the paddle’s resonance
frequency. Furthermore, when the ac bias frequency applied to the sample is tuned
to the paddle frequency an enhanced signal is obtained. Recently, internal paddles for
high sensitivity nanometer scale infrared microscopy have been introduced [72]. The
intent of the paddle in this case is to create a structural mode which retains a high
Q-factor even when the AFM tip contacts a surface. In this method, the signal that
measures local infrared absorptivity is the extent of ‘ringing’ induced in the cantilever
due to sudden local surface expansion from short infrared pulses. The higher the Qfactor of a mode in the cantilever the longer is the ringing and the better is the SNR
of the absorption signal. While geometrically similar to our proposed design, the
goals and applications of our probe design are quite diﬀerent from those of [71, 72]
and require diﬀerent considerations of the dynamic properties of the probe.
Here we propose to release low frequency oscillators on commercial AFM probes
which enhance the OLS for dynamic AFM applications by nearly an order of mag-
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nitude without any signiﬁcant changes to the fundamental resonance frequency or
stiﬀness. We show that the increase in OLS due to these oscillators is almost the
same as the increase in SNR. The advantage with the proposed paddle oscillator is
that there is no strict need for tuning its frequency to be an integer or fractional
multiple of the fundamental frequency. The only requirement is that its frequency
needs to be lower than the fundamental resonance frequency of the microcantilever
– a condition which can be achieved easily with high yield. We show a signiﬁcant
increase in SNR when cantilever motion is observed at the paddle for AFM systems
that are not limited by thermal noise. Also, any eﬀects due to the excitation of
the second eigenmode were decoupled by locating the paddle at the node of the second eigenmode. We use these probes for higher harmonic imaging in AM-AFM on
a standard polymer blend made of polystyrene and low density polyethylene. We
demonstrate signiﬁcantly improved contrast in higher harmonic images when observing cantilever motion at the paddle. Thus, this microcantilever design can improve
signiﬁcantly conventional cantilever performance for dynamic AFM and is compatible
with low-cost, high yield microfabrication processes.
The concept of the low frequency oscillator, the proposed design and its advantages
are discussed in detail in the following section.

3.1

Design Considerations

In the proposed design, a paddle is released close to the free end of the AFM microcantilever with two hinges as shown in Figure 3.1(a) such that the resonance frequency of
the embedded paddle is much lower than the resonance frequency of the ﬁrst bending
mode (B1 ) of the microcantilever.
The basic idea behind the embedded low frequency oscillator can be understood
in the context of a simple base excited single degree of freedom system [84]. Assume
that the paddle is a rigid body with dimensions Lp × wp × tp (length × width ×
thickness) restrained by a torsional spring of stiﬀness kh (N-m/rad) oscillating about
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the hinge axis as shown schematically in Figure 3.1(b), with yp (t) being the vertical
displacement of the free end of the paddle and y(t) being the vertical displacement at
the base/hinges of the paddle. From the equation of motion for paddle rotation, the
transfer function that relates Θp (ω), the Fourier transform of paddle rotation θp (t) to
Y (ω), the Fourier transform of y(t) is:
mp Lp
Θp (ω)
s
=
Y (ω)
2kh


ω2
2
2
ω
−1 −
ωp

(3.1)
1
Qp2



ω
ωp

2

where mp = ρLp wp tp is the mass of the paddle with density ρ, ωp =

p

kh /Ip is

the natural or fundamental resonance frequency of the paddle. Qp = ωp Ip /c is the
corresponding quality factor, kh = Ip ω 2 is the hinge stiﬀness, Ip =

mp
(4Lp2 + tp2 )
12

is the

rotational inertia of the paddle about the hinge axis and c is the damping coeﬃcient.
In dynamic AFM, the microcantilever is usually excited at the resonance frequency of
the ﬁrst bending mode ωB1 , i.e. ω = ωB1 . Assuming that tp 2 << Lp 2 , it can be shown
from Eq. (3.1) that when ωB1 >> ωp then

Θp (ωB1 )
Y (ωB1 )

≈

3
.
2Lp

By way of comparison, for

a regular microcantilever, the transfer function between the bending angle and the
vertical tip motion of the cantilever when excited near or at ωB1 can be shown to be
Θc (ωB1 )
Y (ωB1 )

≈

3
2L

[85].

Thus, not only is the paddle rotation θp (t) a state observer for the vertical tip
displacement whenever the microcantilever is vibrating at ωB1 and ωB1 >> ωp , but
also the OLS can be increased from the conventional value by a factor of

L
Lp

since the

paddle can be made an order of magnitude shorter than the microcantilever. This is
the simple idea behind the non-resonant mechanical ampliﬁcation of dynamic AFM
signals that can be achieved by releasing a small, low frequency paddle near the tip
of the microcantilever.
The response of the paddle can be calibrated conveniently. Since the paddle
enhances the lever sensitivity by a factor of

L
,
Lp

we can simply divide the conventional

nm/V calibration constant for tip deﬂection by

L
Lp

to get the nm/V conversion for

paddle’s response. This is the easiest way of calibrating the paddle’s response but not
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the best since the factor

L
Lp

used earlier is an approximation for signal enhancement.

However, we can precisely calibrate it experimentally by following these steps: (i)
drive the probe at its fundamental resonance by keeping it far from the sample; (ii)
measure the photodiode output at the driving frequency from both the paddle and
the tip; (iii) calculate the ratio of the photodiode output voltage from the paddle to
that obtained from the tip; (iv) divide the conventional nm/V calibration constant
for the tip deﬂection by the ratio obtained in the previous step to deduce the nm/V
conversion for the paddle’s response.
The fabrication of such paddle oscillators and the improvement in the SNR because
of their integration into the AFM probes will be discussed in the following section.

3.2

Fabrication

The concept described here can be implemented at the layout stage of microcantilever
fabrication for most kinds of AFM probes. For concept demonstration, however, here
we use post-fabrication milling.
Ideal placement of the paddle would locate its hinges as close as possible to the
tip of the cantilever, but this is practically not possible. So, compromises have to be
made with regard to the location of the paddle. The paddle is carefully cut from a
commercially available AFM microcantilever using a Ga focused ion beam from an
FEI Nova 200 milling machine. An acceleration voltage of 30 kV and a beam current
of 5 nA are used to cut the paddles and typically, the time required to cut one paddle
is around 2–3 hours. The size of the paddle is limited by the laser spot size and
by the width of the microcantilever. The thickness of the hinges was not adjusted.
The microcantilevers used to fabricate the paddles are OTESPA probes from Bruker
AFM Probes. The measured stiﬀness and frequency of the fundamental mode for
these probes in air are ≈ 50 N/m and ≈ 340 kHz respectively. Comparing these with
the measured parameters of the microcantilevers with paddles, summarized in Table
3.1, clearly shows that these paddles do not modify the stiﬀness or frequency of the
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fundamental mode much. The SEM images of the fabricated paddles are shown in
Figure 3.2 and we can observe that the location of the paddle is diﬀerent on each
probe. The hinges of the paddle on probe 1 are farther from NB2 , the nodal line of
the second bending mode (B2 ) whereas on probe 2 they are close to NB2 . This small
diﬀerence in paddle placement will have a signiﬁcant eﬀect on the performance of the
paddle oscillator as will be discussed in detail in the following sections.

3.3

Experimental Characterization

Reading out microcantilever oscillations from the paddle boosts the SNR signiﬁcantly.
This can be understood from the response as measured in a Cypher AFM from Asylum Research without any external excitation to the cantilever. We demonstrate this
using probe 2 shown earlier in Figure 3.2. The response was measured in time domain
for about 500 ms with a sampling frequency of 10 MHz using PicoScope (a digital
oscilloscope from picoTechnology; model no: 4224) at two locations on the probe: the
tip and the paddle. Amplitude spectrum at these two locations is estimated from the
measured time domain response and is shown in Figure 3.3. We can observe from the
ﬁgure that the thermal noise from the paddle at the fundamental resonance of the
probe (B1 ) is ≈ 5 times higher compared to that from the tip. However, the noise
at oﬀ resonance conditions (higher harmonics of the fundamental like 2nd , 3rd etc.)
is essentially unchanged when the laser spot is moved from the tip to the paddle.
This implies that oﬀ resonance in the frequency range of interest to higher harmonic
imaging, AFM noise, at least for the AFM used in our experiments, is not thermal
noise, rather it arises from electronics/laser noise etc. For this range of frequencies
improvement of the OLS thus will amplify the SNR of the higher harmonics of cantilever motion. This fact allows us to conveniently use the “improvement in OLS” as
an equivalent to “improvement in SNR” in following discussions.
Observing microcantilever oscillations via the low-frequency integrated paddle also
boosts the gain of the transfer function. We demonstrate this using probe 1 which
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has the paddle and ﬁrst bending mode frequencies at ≈ 80 kHz and ≈ 371 kHz
respectively. The response from the tip and paddle is measured using the AFM
photodetector by sweeping the drive frequency when the microcantilever is far above
the sample. The amplitude and phase response from both the tip and paddle across
B1 is shown in Figure 3.4(a). It is clear that for this probe excited at its ωB1 , the
photodiode output voltage observed at the paddle is ≈ 4.5 times of that observed
from the tip. Furthermore this gain is achieved without any phase distortion near
ωB1 . This procedure is repeated for four diﬀerent microcantilevers with such paddle
oscillators and the corresponding data are provided in Table 3.2.
Further characterization is performed in tapping mode experiments on freshly
cleaved Mica in air using probe 1 to evaluate its performance over a wide frequency
bandwidth. The probe is driven at ωB1 with a free vibration amplitude of ≈ 35 nm.
The responses of the paddle and the tip are measured from the photodiode simultaneously with the driving signal in the time domain for about 100 ms using PicoScope
with a sampling frequency of 80 MHz. After Fourier transforming these signals and
subsequent comb ﬁltering, we extract the amplitudes and phases of the harmonics
that are clearly distinguishable above the noise ﬂoor. Using the calibration process
described earlier, we ensure that the free and set-point amplitudes are identical when
acquiring data by focusing the laser beam near the microcantilever tip and from the
paddle.
The location of the paddle is key to achieve uniform signal enhancement over
several harmonics. The ratio of amplitudes of the ﬁrst 8 harmonics from the paddle
to those from the microcantilever tip is shown in Figure 3.4(b) at two diﬀerent set
points. This signal enhancement from the paddle relative to the cantilever tip is ≈5 at
the 1st harmonic of driving mode B1 . However the signal enhancement ﬁrst decreases
as the harmonic number increases from 1 to 4 and then it gradually increases. This is
because of two important reasons: (i) for this cantilever, the B2 frequency is close to
the 4th harmonic of B1 so the vibration is ampliﬁed near the B2 frequency and (ii) the
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paddle also responds to vertical vibration at the hinges generated by any additional
motion in the B2 mode.
To ensure that the paddle enhances the deﬂection signal not only at B1 but also
uniformly at its higher harmonics regardless of any potential coupling of higher harmonics with B2 , we adapt the idea of eigenfunction screening presented in [86]. To
screen the eﬀect of B2 from the paddle’s response, the hinges should be cut at the
node of B2 . Following this approach, we fabricated probe 2 such that the paddle
hinges are close to the node of B2 . We compare the readout from the paddle to the
readout from the microcantilever tip as well as to the readout from the antinode of
B2 which is identiﬁed using a procedure presented in [86]. This is because while the
tip motion includes the directly excited motion of B1 , as well as the coupling induced
motion of B2 , the cantilever deﬂection readout from the antinode of B2 only records
the response of B1 . From its amplitude and phase response measured in the AFM
as shown in Figure 3.5(a) it is clear that the signal enhancement from the paddle
is respectively ≈ 6.6 times and ≈ 5 times larger when compared to readouts from
the antinode of B2 and the tip. Tapping mode experiments performed on Mica in
air with probe 2 driven with a free vibration amplitude of ≈ 40 nm 3.5(b) shows
that the signal enhancement of the ﬁrst 6 harmonics is nearly uniform at ≈ 6 at two
diﬀerent set points. Note that there is no direct comparison between Figures 3.4(b)
and 3.5(b) except whether the signal enhancement is of similar magnitude for the
ﬁrst few harmonics or not.

3.4

Application to Improved Higher Harmonic Imaging

In order to further demonstrate the advantages of having these low frequency paddle
oscillators integrated on to AFM probes, harmonic imaging on a softer sample with
heterogeneities (a polymer blend) is performed. The sample of the polymer blend
used, the experimental details, and pertinent results are discussed in this section.
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A sample of PS-LDPE [87], from Bruker AFM probes is used. This is a polymer
blend made of Polystyrene (PS) and Polyoleﬁn Elastomer (ethylene-octene copolymer) or low density Polyethylene (LDPE) by spin casting. This sample has nearly
circular domains of LDPE distributed throughout the ﬂat PS matrix as shown in Figure 3.6(a). In terms of mechanical properties, there is not much information available
in the open literature about the mechanical energy dissipation of these two polymer
components. However, based on the information of viscosity of these components [88],
it is expected that LDPE is more dissipative. Moreover, it is softer with a Young’s
modulus of 100 MPa [87, 88] compared to PS which has a modulus of 2 GPa [87, 88].
Higher harmonic imaging on PS-LDPE is performed in the attractive regime of
tapping mode operation in air using probe 2 by driving it at its ﬁrst mode B1 . Though
the paddle oscillator is expected to perform in the same way irrespective of the operating regime [3, 89, 90], we chose to demonstrate its performance in the attractive
regime of imaging where the tip-sample interactions are weak. In order to operate
the microscope in the attractive region, the free oscillation amplitude is chosen to be
≈ 30 nm with a set point amplitude of ≈ 75% corresponding to a phase lag of > 90
degrees. The topography and maps of ﬁrst four harmonics (amplitudes A1 – A4 and
phases φ1 – φ4 ) are obtained by focusing the laser ﬁrst near the antinode of B2 and
then on the paddle.
The integration of the paddle oscillator does not aﬀect the basic tapping mode
images such as topography and φ1 . Topography is shown in Figure 3.6(a) and 3.6(b).
Note that A1 is enhanced by ≈ 6.7 times by the paddle (as the paddle also boosts the
gain of the transfer function as discussed earlier in the previous section) as can be seen
from Figures 3.6(c) and 3.6(d). However, there is no noticeable improvement in the
contrast of A1 due to the paddle. This is expected because of two reasons: (i) there
is not much improvement in the SNR at resonance as shown earlier in Figure 3.3 and
(ii) A1 is the feedback signal to the AFM controller which tries to keep it constant
in AM-AFM. Though the paddle could not improve the contrast of A1 map much, it
could result in a signiﬁcant improvement in the contrast of higher harmonics as the
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SNR at oﬀ resonance conditions is shown to have improved. The details about the
higher harmonics will be presented in the following discussion. The maps of φ1 shown
in Figures 3.6(e) and 3.6(f) are almost identical as expected, since the integrated
paddle oscillator as shown earlier does not distort the 1st harmonic phase.
Next we focus on the higher harmonic maps presented in Figures 3.7 and 3.8.
In the higher harmonics maps from the paddle, the two polymer domains can be
clearly distinguished. In contrast, these domains are hardly distinguishable from
higher harmonic maps acquired from the antinode of B2 . To understand this contrast
improvement in a better way, the data corresponding to the two regions of the sample
is taken from four random locations, each of the size 20 × 20 pixels, as shown in
Figure 3.7(d). The Yellow squares marked on the ﬁgure correspond to PS domain
whereas the white correspond to LDPE domain. The mean and standard deviations
corresponding to both the regions (µ1 , σ1 for PS and µ2 , σ2 for LDPE) are obtained
from this data and these values are then used to calculate the contrast parameter [91],
q
2
2)
ζ = (µσ12−µ
. The corresponding data is given in Table 3.3. From the table it is
+σ 2
1

2

clear that the contrast between the two polymer regions of the sample is improved by
1 – 2 orders of magnitude due to the presence of the paddle oscillator. It is well known
that the phase is more sensitive and has better contrast compared to the amplitude
in AM-AFM. However, we compare the higher harmonic phases obtained from both
the antinode of B2 and the paddle in Figure 3.8. The higher harmonic phase maps
from paddle (Figures 3.8(d) 3.8(f)) show more clear features than those from the
antinode of B2 (Figures 3.8(a) 3.8(c)). The contrast analysis for the higher harmonic
phases is done in a similar way and the corresponding data is shown in Table 3.4.
Comparing the contrast parameters obtained from both the antinode of B2 and the
paddle, we can see that the paddle enables nearly an order of magnitude improvement
in contrast.
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3.5

Summary

We have presented an approach to integrate low frequency paddle oscillators directly
on commercially available AFM microcantilevers. The advantages of integrating such
oscillators into AFM microcantilevers are: (i) the OLS is enhanced by about ﬁve
times over a wide frequency range without much modiﬁcations to the basic structure
of the microcantilever; (ii) the SNR at the fundamental microcantilever frequency is
improved signiﬁcantly for laser shot noise limited AFM systems; (iii) the second eigenmode’s response is decoupled from the fundamental (driving mode) by the placement
of paddle at its node; and (iv) contrast is signiﬁcantly improved in higher harmonic
maps compared to the conventional higher harmonic imaging. We have demonstrated
the performance of the low frequency oscillator with tapping mode experiments performed on a polymer blend in the attractive region. The disadvantages with such low
frequency paddle oscillators are that: (i) they do not improve the OLS of cantilevers
for conventional force spectroscopy (force-distance curves) since those are quasi-static
techniques, and (ii) are unable to enhance the signal gain across more than a few harmonics of the fundamental cantilever mode. Nonetheless, mechanical ampliﬁcation
of signal to noise ratio for the fundamental mode and its higher harmonics is likely
to be of signiﬁcant interest in operating cantilevers at ultra-small oscillation amplitudes and when using multi-harmonic AFM techniques [39, 40] to map quantitative
physical properties from only a few harmonics of the drive frequency. We also expect
that this new approach of using such low frequency oscillators can be extended to
other dynamic AFM modes such as Kelvin probe force microscopy, contact resonance
AFM, and magnetic force microscopy.
As was presented in this chapter, the low frequency paddles enabled ampliﬁcation of SNR of only the ﬁrst few harmonics of cantilever deﬂection in dynamic AFM.
Therefore, having such low frequency paddles is advantageous with the AFM methods
that rely on the measurement of ﬁrst few harmonic observables for material characterization. The next chapter develops a method that uses only a few harmonics of the
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cantilever deﬂection for estimating the mechanical properties of samples. The theory
associated with this method and simulations and experiments to corroborate it will
be presented in the following chapter.
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Table 3.1.
Parameters of the microcantilevers or probes with integrated low frequency paddles used in this work.
Dimensions
Lc

155 µm

wc

50 µm

tc

4 µm

Lp

20 µm

wp

30 µm

tp

4 µm

Probe 1

Probe 2

Stiﬀness

55.3 N/m

52.2 N/m

Frequency

371.3 kHz

367.5 kHz

Q-factor

386.3

441.9

Frequency

1442.1 kHz

1487.8 kHz

Frequency

79.8 kHz

101.1 kHz

Q-factor

123.2

79.4

52 µm

42 µm

Microcantilever

Paddle

Operation under ambient

Cantilever’s fundamental mode

Cantilever’s second mode
Paddle Mode

Location of paddle hinges from free end of the cantilever
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Table 3.2.
Data from the characterization of diﬀerent probes with integrated low frequency paddles.
Probe

Cantilever frequency

Paddle frequency

Sensitivity enhancement†

1

371.3 kHz

79.8 kHz

4.5

2

367.5 kHz

101.1 kHz

4.8

3

372.1 kHz

175.8 kHz

5.5

4

361.8 kHz

165.9 kHz

4.9

†

This column shows the ratio

Paddle response
Tip response

measured by driving the probe at its fundamental reso-

nance while keeping it far from the sample.

Table 3.3.
Experimental data showing the higher harmonic amplitudes from the
antinode of B2 and the paddle. Note that probe 2 is used for the experiments. Comparison of the contrast parameter (ζ) clearly shows more
than an order of magnitude improvement due to the paddle.

Harmonic
amplitude (µV)

From the antinode of B2
PS

LDPE

µ1 ± σ1

µ2 ± σ 2

ζ

From the paddle
PS

LDPE

µ1 ± σ1

µ2 ± σ 2

ζ

A2

259.6±90.3 253.7±87.9 0.05

807.7±63.6 992.0±95.9 1.60

A3

256.5±90.0 249.7±84.2 0.06

503.5±54.8 246.1±70.4 2.89

A4

236.9±81.2 232.0±81.1 0.04

558.9±55.1 299.6±63.8 3.08
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Table 3.4.
Experimental data showing the higher harmonic phases from the antinode
of B2 and the paddle. Note that probe 2 is used for the experiments.
Comparison of the contrast parameter (ζ) clearly shows nearly an order
of magnitude improvement due to the paddle.

Harmonic
phase (deg.)

From the antinode of B2
PS

LDPE

µ1 ± σ1

µ2 ± σ 2

ζ

From the paddle
PS

LDPE

µ1 ± σ1

µ2 ± σ2

ζ

232.4±10.6

183.2±8.8

3.58

22.9±18.4

1.17

φ2

10.2±62.5 11.8±106.9 0.01

φ3

39.6±50.7

5.1±66.2

0.41

45.7±6.5

φ4

26.0±56.5

15.3±67.5

0.12

238.9±6.5

-12.6±118.9 1.33
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Figure 3.1. (a) A schematic diagram illustrating the concept of a low
frequency oscillator integrated into an AFM microcantilever. The paddle
is fabricated such that it oscillates in the same direction as the main
microcantilever. (b) The displacement of the paddle free end relative to
the paddle base is nearly equal to the cantilever displacement at the paddle
base since the driving frequency ωB1 is greater than the paddle resonance
frequency ωp . Thus, not only is the paddle rotation θp a state observer
for the microcantilever slope θc , we also have θp >> θc since the eﬀective
lever length of the paddle is smaller than that of the microcantilever.
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Figure 3.2. Scanning electron micrographs of the microcantilevers with
low frequency paddle oscillators used in the experiments presented here.
Note that the location of the hinges of the paddle on Probe 2 is close to
NB2 , the nodal line of second bending mode B2 , in order to screen its
motion from paddle’s response.

45

Figure 3.3. Amplitude spectra corresponding to diﬀerent locations on
probe 2 obtained without any external excitation. Though the paddle
enhances the thermal noise at resonance, there is not much change in the
noise ﬂoor at oﬀ resonance conditions. This results in better OLS and thus
better SNR from the paddle at oﬀ resonance conditions (higher harmonics
of the drive frequency, ωB1 in AM-AFM).
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(a)

Probe 1

B

1

(b)

Figure 3.4. (a) The experimental frequency sweep response of probe 1
obtained in the Cypher AFM when the probe is far from the sample and
the excitation frequency is near the ﬁrst bending mode B1 frequency: The
amplitude and phase response clearly shows the signal enhancement due
to the presence of the paddle without any distortion of the phase at resonance. (b) Tapping mode experimental result obtained using probe 1 on
Mica in air: The inset shows a schematic diagram with orange colored line
representing the paddle that approximately resembles its actual location
on probe 1. NB2 and ANB2 are the node and antinode of second bending
mode (B2 ) respectively. The red colored dots are the locations from which
the data was collected. The ratio of amplitude of outputs from the paddle
and the tip at diﬀerent harmonics of the drive (B1 ) decreases from 1st to
4th . Note that the 4th harmonic is close to the frequency of B2 .
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(a)

Probe 2

B

1

(b)

Figure 3.5. (a) The experimental frequency sweep response of probe
2 (with hinges near the node of the second mode B2 ) when the probe
is far from the sample: The amplitude and phase response around B1
clearly shows the signal enhancement due to the presence of the paddle
without any distortion of the phase at resonance for this probe as well.
Note that there is no measurable diﬀerence in the phase obtained from
the three locations (b) Tapping mode experimental result obtained using
probe 2 on Mica in air: The inset shows a schematic diagram with the
orange colored line representing the paddle that approximately resembles
its actual location on probe 2. NB2 and ANB2 are the node and antinode
of second bending mode (B2 ) respectively. The red colored dots are the
locations from which the data was collected. The signal enhancement
from the paddle at the ﬁrst 6 higher harmonics is more uniform and ≈ 6.
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Antinode of B2

(a)

Paddle

(b)

Topo

(c)

(d)

(e)

(f)

A1

ϕ1

Figure 3.6. AM-AFM imaging results in the attractive regime. The free
vibration amplitude is chosen to be 30 nm and the images are obtained
at 75% set-point. Images in the left column are obtained by focusing the
laser at the antinode of second mode B2 and those in the right column
are obtained by focusing the laser on the paddle. The topography (a, b),
error maps (c, d) and the ﬁrst harmonic phase (e, f) obtained from both
the antinode of B2 and the paddle are identical as expected. Note that
all of the images are of size 10 µm × 10 µm, containing 256 × 256 pixels,
obtained with a scan rate of 2 Hz.
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Antinode of B2

Paddle

(a)

(d)

(b)

(e)

(c)

(f)

A2

A3

A4

Figure 3.7. The amplitudes of the 2nd to 4th harmonics obtained from
the antinode of B2 (a-c) and from the paddle (d-f). Signal enhancement
is clearly observed in the harmonic maps from the paddle and they also
show remarkable contrast, whereas in those from the antinode of B2 the
features are not clearly distinguishable. Note that all of the images are of
size 10 µm × 10 µm, containing 256 × 256 pixels, obtained with a scan
rate of 2 Hz. The squares of size 20 × 20 pixels shown in (d) indicate the
locations from which the data has been collected for contrast analysis.
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(a)

(d)

(b)

(e)

(c)

(f)

ϕ2

ϕ3

ϕ4

Figure 3.8. The phases of the 2nd to 4th harmonics obtained from the
antinode of B2 (a-c) and from the paddle (d-f). Better contrast is observed
in the phases of the higher harmonics from the paddle compared to those
from the antinode of B2 . Note that all of the images are of size 10 µm ×
10 µm, containing 256 × 256 pixels, obtained with a scan rate of 2 Hz.
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4. QUANTITATIVE NANOMECHANICAL PROPERTY MAPPING WITH
MULTI-HARMONIC DYNAMIC ATOMIC FORCE MICROSCOPY
Recent advances in dynamic AFM have enabled the excitation and measurement of
the AFM microcantilever vibration at multiple frequencies. These multi-frequency
AFM methods [3–13] helped not only in a better understanding of the interaction
forces between the tip and the sample but also in estimating the local physical properties of the sample quantitatively with high resolution and high speed. In fact,
mapping the local material properties simultaneously while capturing the sample topography is one of the fundamental goals in nanoscale imaging.
In AM-AFM, the local material property information is encoded in the time proﬁle
of the tip-sample interaction force that the nanoscale microcantilever tip experiences
as it periodically interacts with the sample surface. These tip sample interaction forces
were reconstructed by acquiring many harmonics (Nobs > 20) of cantilever vibration
as a way to quantitatively map the material properties [27, 30, 47, 48]. However, the
acquisition of such a large number of observables per pixel is often neither feasible
due to poor signal to noise ratio or limited bandwidth of the microscope, nor is
it required since only a small number of material properties need to be estimated
typically (Npar << Nobs ). Here we present a method where the acquisition of a
small set of harmonic observables (Nobs ≈ Npar ), typically the 0th –2nd harmonics,
from an AM-AFM scan can be used to map quantitatively local elastic modulus and
indentation. Unlike other recent methods [92, 93] adhesion is explicitly accounted for
and no assumption is made on length of the contact time relative to the oscillation
time enabling the use of the method on materials with a wide range of elastic moduli.
Moreover, the proposed method can be extended with any type of contact mechanics
models.
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In the current work, we present a generalized theoretical framework linking observables in AM-AFM such as force harmonics to the physical properties of the sample.
As examples, we develop such relationships for several commonly used contact mechanics models such as DMT (Derjaguin-Muller-Toporov), Hertz and linear stiﬀness
with adhesion. We then develop a least squares approach to extract the physical
parameter values of the chosen contact mechanics model from a small subset of of
multi-harmonic observables such as the amplitudes and phases of the 0th , 1st and 2nd
harmonic, or the 1st , 2nd and 3rd harmonic etc. The analytical relationships and the
parameter extraction approach is validated using direct numerical simulation of the
AFM microcantilever interacting with samples with diﬀerent moduli. An experimental approach for calibrating and correcting the 2nd harmonic amplitude and phase
lag information in experiments is developed and presented. We then present experimental results on a polystyrene-low-density polyethelene blend (PS-LDPE) [87] and
map the elastic modulus, adhesion, indentation during a single AM-AFM a scan using a standard microcantilever with less than 10% relative residual norm error over
the scan. The approach opens up the possibility of using a small set of weak multiharmonic observables during standard tapping mode AM-AFM scans in air/vacuum
for quantitative nanomechanical mapping of heterogeneous samples.

4.1

Multi-harmonic AFM Theory

We derive here the general theory that rigorously connects multi-harmonic amplitudes
and phases in tapping mode/AM-AFM to the interaction force harmonics. We then
provide analytical relations that link those force harmonics to physical properties of
the sample.
The equation of motion governing the tip motion q(t) of the resonant eigenmode
of the microcantilever when it interacts with the sample is given by
F cos(ωdr t) + Fts (Z + q, q̇)
1
q̇ = dr
,
ωf ar Qf ar
kf ar
ωf ar
Fts (Z + q, q̇) = Fts,CON S (Z + q) + Fts,DISS (Z + q, q̇),
q̈

2

+q+

(4.1a)
(4.1b)
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where q(t), the generalized coordinate of the driven eigenmode is also the tip motion
due to microcantilever deﬂection since the eigenmode is normalized such that its magnitude is unity at the free end [82] and Fts is the tip sample-interaction force. This
force is assumed to decompose additively into a conservative (tip sample gap dependent) Fts,CON S and a dissipative component Fts,DISS [94, 95]. Fdr is the magnitude
of the modal excitation force. Z is the height of the unperturbed tip position with
respect to the sample, and is also known as the Z-piezo displacement (See Figure 4.1).
Furthermore ωf ar , Qf ar , and kf ar are respectively the natural frequency, the quality
factor and the calibrated stiﬀness of the fundamental mode of the microcantilever,
which are typically measured while the microcantilever is withdrawn from the sample.
Note that ωdr may not necessarily coincide with ωf ar but should be close to it, within
its resonance bandwidth. In what follows, we derive and express the tip sample force
harmonics in terms of multi-harmonic microcantilever vibration observables based on
the assumption that the tip motion q(t) is periodic while the tip is interacting with
the sample.

4.1.1

Relationship Between Multi-harmonic Observables and Tip-sample
Force Harmonics

Let the steady state motion of the tip interacting with the sample comprise of multiple harmonics of the drive frequency so that the tip displacement, velocity, and
acceleration are:
q(t) = A0 +

N
X

An cos(nωdr t − φn ) = A0 +

n=1

N
X

An cos(nθ + nφ1 − φn ),

(4.2a)

n=1
N
X

dq
= q̇ = −ωdr
nAn sin(nθ + nφ1 − φn ),
dt
n=1
N
X
d2 q
2
n2 An cos(nθ + nφ1 − φn ),
= q̈ = −ωdr
2
dt
n=1

(4.2b)

(4.2c)

where θ = ωdr t − φ1 . Since the tip motion is assumed to be periodic, so too must the
tip-sample interaction force (from Eq. (4.1b)). This leads to the following Fourier ex-
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pansion of the tip-sample interaction force in terms of its conservative and dissipative
components:
0
1
2
1
Fts (Z + q(θ), q̇(θ)) = Fts,CON
S + Fts,CON S cos(θ) + Fts,DISS sin(θ) + Fts,CON S cos(2θ)
2
3
3
+ Fts,DISS
sin(2θ) + Fts,CON
S cos(3θ) + Fts,DISS sin(3θ) + ... (4.3)

where,
0
Fts,CON
S

=

1
Fts,CON
S =
1
=
Fts,DISS
2
Fts,CON
S =
2
=
Fts,DISS
3
Fts,CON
S =
3
=
Fts,DISS

Z 2π
1
Fts dθ,
2π 0
Z
1 2π
Fts cos θ dθ,
π 0
Z
1 2π
Fts sin θ dθ,
π 0
Z
1 2π
Fts cos 2θ dθ,
π 0
Z
1 2π
Fts sin 2θ dθ,
π 0
Z
1 2π
Fts cos 3θ dθ,
π 0
Z
1 2π
Fts sin 3θ dθ.
π 0

(4.4a)
(4.4b)
(4.4c)
(4.4d)
(4.4e)
(4.4f)
(4.4g)

In the intermittent contact regime as well as while oscillating in permanent contact, it can be shown that Fts,CON S (θ) is symmetric about θ = π while Fts,DISS (θ) is
n
th
antisymmetric about θ = π [94]. As a result while Fts,CON
Fourier cosine
S is the n
n
coeﬃcient, Fts,DISS
is the nth Fourier sine coeﬃcient since cos(nθ) and sin(nθ) are

symmetric and antisymmetric respectively about θ = π.
Substituting Eqs. (4.2) and (4.3) into Eq. (4.1a) and balancing separately the
constant, and the cosine and sine harmonic terms in the equation, readily leads to
the following results that link the Fourier components of the interaction force to the
multi-harmonic microcantilever vibration observables such as harmonic amplitudes
and phases. Assuming that r =

ωdr
,
ωf ar

the nth Fourier coeﬃcients of the conservative

and dissipative components of the interaction force are:
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0
Fts,CON
S = kf ar A0 ,

(4.5a)

1
,
Fts,CON
S = −Fdr cos(φ1 ) + kf ar A1 1 − r
r
1
Fts,DISS
= Fdr sin(φ1 ) − kf ar A1
,
Qf ar


�

2r
2
2
sin(2φ1 − φ2 ) ,
Fts,CON S = kf ar A2 cos(2φ1 − φ2 ) 1 − 4r −
Qf ar


�

2r
2
2
cos(2φ1 − φ2 ) ,
Fts,DISS = kf ar A2 − sin(2φ1 − φ2 ) 1 − 4r −
Qf ar


�

3r
3
2
sin(3φ1 − φ3 ) ,
Fts,CON S = kf ar A3 cos(3φ1 − φ3 ) 1 − 9r −
Qf ar


�

3r
3
2
cos(3φ1 − φ3 ) .
Fts,DISS = kf ar A3 − sin(3φ1 − φ3 ) 1 − 9r −
Qf ar

�


2

(4.5b)
(4.5c)
(4.5d)
(4.5e)
(4.5f)
(4.5g)

Consider now one important special case of Eq. (4.5) when ωdr is tuned to exact
resonance (i.e. ωdr = ωf ar or r = 1) with a steady state amplitude A1,f ar so that the
tip motion qf ar (t) in the driven eigenmode, the phase lag of tip oscillation relative to
the excitation φ1f ar , and the magnitude of the driving force Fdr are given by:
qf ar (t) = A1,f ar cos(ωdr t − φ1,f ar ),

φ1,f ar =

π
2

and Fdr =

kf ar A1,f ar
.
Qf ar

Under these conditions Eq. (4.5) reduces to
0
Fts,CON
S = kf ar A0 ,
kf ar A1,f ar
1
Fts,CON
cos(φ1 ),
S = −
Qf ar


kf ar A1,f ar
A1
1
Fts,DISS =
sin(φ1 ) −
,
Qf ar
A1,f ar


2
2
sin(2φ1 − φ2 ) ,
Fts,CON S = kf ar A2 −3 cos(2φ1 − φ2 ) −
Qf ar


2
2
Fts,DISS = kf ar A2 3 sin(2φ1 − φ2 ) −
cos(2φ1 − φ2 ) ,
Qf ar


3
3
Fts,CON S = kf ar A3 −8 cos(3φ1 − φ3 ) −
sin(3φ1 − φ3 ) ,
Qf ar


3
3
Fts,DISS = kf ar A3 8 sin(3φ1 − φ3 ) −
cos(3φ1 − φ3 ) .
Qf ar

(4.6a)
(4.6b)
(4.6c)
(4.6d)
(4.6e)
(4.6f)
(4.6g)
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Eq. (4.6) allows us to extract quantitatively the Fourier harmonics of the conservative
and dissipative components of the interaction force in terms of experimental multiharmonic observables. The only assumption made so far is that of periodic tip motion
and that the tip dynamics is represented by a single-degree-of-freedom model (given
by Eq. (4.1)).
Eq. (4.6) also provides some fundamental insight into the meaning of higher
harmonic phase. Speciﬁcally, from Eqs. (4.6c–4.6g) when the interaction forces are
n
= 0 we have
purely conservative, i.e. when Fts,DISS


A1
sin (φ1 ) =
,
A1,f ar


2
sin (2φ1 − φ2 ) =
cos (2φ1 − φ2 ) ,
3Qf ar


3
sin (3φ1 − φ3 ) =
cos (3φ1 − φ3 ) .
8Qf ar

(4.7a)
(4.7b)
(4.7c)

Eq. (4.7a) is the well-known result in AM-AFM that states that the phase lag equals
the inverse sine of the amplitude set-point ratio when the tip-sample interaction force
is purely conservative [96]. Eqs. (4.7b) and (4.7c) state that for purely conservative
forces the higher harmonic phases are directly related to the ﬁrst harmonic phase.
In particular when Qf ar >> 1, a condition usually met in ambient and vacuum
situations, we show in the Appendix A that the following relations hold for
Attractive regime (φ1 > π/2) : 2φ1 − φ2 ≈ 0,

(4.8a)

3φ1 − φ3 ≈ π,

(4.8b)

Repulsive regime (φ1 < π/2) : 2φ1 − φ2 ≈ π,

(4.9a)

3φ1 − φ3 ≈ 0.

(4.9b)

In order to check the validity of the relations (Eqs.(6)) connecting the multiharmonic observables and force harmonics, we perform simulations using Virtual Environment for Dynamic Atomic force microscopy (VEDA) [74–76], a tool available
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on nanohub.org for AFM simulations. A probe, typically used for AM-AFM, with
properties of kf ar = 26 N/m, ωf ar = 303 kHz, Qf ar = 456, R = 10 nm was used
in the simulations with the excitation frequency equaling its fundamental resonance
frequency ωf ar = 303 kHz resulting in A1,f ar = 85 nm. The dynamic approach curves
are simulated on a sample with Esample = 1 GPa by assuming DMT contact [97] with
Fad = 20 nN. The input simulation parameters such as kf ar , A1,f ar , Qf ar , Esample ,
Fad , R and the output parameters from simulation like A0 , A1 , φ1 , A2 , φ2 are used to
calculate the conservative force harmonics in terms of observables (Eqs. (4.6)). The
force harmonics obtained up to the 2nd harmonic calculated using Eqs. (4.6) match
closely with those from direct numerical simulations (error < 5%) over a wide range of
amplitude set point ratios (Figure 4.2). The force harmonics from the multi-harmonic
observables, calculated using Eqs. (4.6), match closely with those from direct numerical simulations (error < 5%) over wide range of set-points. This comparison has
been performed with a number of simulations by varying Esample from 0.01 GPa to
10 GPa, Fad from 0 nN to 50 nN, A1,f ar from 50 nm to 100 nm and kf ar from 0.5
N/m to 40 N/m. For all these simulations, the force harmonics calculated using Eqs.
(4.6), match very well with those from direct VEDA simulations over a wide range of
set-point ratios (0.2 - 0.9).

4.1.2

Relationship Between Tip-sample Force harmonics and Local Material Properties

In the context of nanomechanical mapping, our primary interest lies in using the
force harmonics to extract local nanomechanical properties. This requires the multiharmonic AFM microscopist to choose an appropriate model for the tip-sample interaction. Then approximate analytical relations need to be derived that link the
material properties in those models to the observed force harmonics. In connecting
the extracted force harmonics to quantitative nanomechanical properties we use the
following approximation
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q(θ) ≈ A0 + A1 cos θ,

(4.10a)

q̇(θ) ≈ −A1 ωdr sin θ,

(4.10b)

where A1 is the set point amplitude during the AM-AFM scan. At ﬁrst glance
this approximation may seem to contradict Eq. (4.2). However, the approximation,
Eq. (4.10) states that, the tip-sample interaction force harmonics can be suﬃciently
well-approximated by inserting into known contact mechanics models the 0th and 1st
harmonic observables of microcantilever motion which dominate the multi-harmonic
cantilever motion in air or vacuum.
A direct consequence of the approximation (Eq. (4.10)), is that the maximum
penetration of the tip into the sample in an oscillation cycle occurs at θ = π when
q = A0 −A1 . Thus the maximum indentation into the sample δmax = −(Z +q(θ = π))
during a cycle of oscillation is given by
δmax = A1 − Z − A0 ,

(4.11)

which can be non-dimensionalized as follows
Δ=

δmax
.
2A1

(4.12)

Thus, when 0 < Δ < 1 the tip is intermittently tapping on the sample and Δ = 1
implies continuous contact with the sample during the tip oscillation cycle. In terms
of Eqs. (4.10), (4.11) and (4.12), the instantaneous tip-sample separation is given by
d = Z + q,
= Z + A0 + A1 cos θ = −δmax + A1 (1 + cos θ),
= A1 (−2Δ + 1 + cos θ) .

(4.13)

Eq. (4.13) also helps identify that the range of θ over which d < 0 and the tip is in
contact with the sample during the oscillation cycle is when −2Δ+1+cos θ < 0. This
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requirement can be transformed into the following range of θ for tip-sample contact
between 0 and 2π:
π − cos−1 (1 − 2Δ) < θ < π + cos−1 (1 − 2Δ).

(4.14)

In what follows we show that the approximations (Eqs. (4.10–4.14)) lead to analytical formulas linking material properties to multiple force harmonics for the diﬀerent
contact mechanics models shown in Figure 4.3. Note that the following relationships
are derived by evaluating the integrals given by Eq. (4.4) using MAPLE and will be
referred to as the tip-indentation formulas from here onwards.

4.1.2.1

Kelvin-Voigt Linear Element Model

The tip sample interaction force based on a simple Kelvin-Voigt linear element model
is as shown in Figure 4.3(a) and is given by
⎧
⎨ −k
˙ when Z + q < 0,
sample (Z + q) − csample q,
Fts =
⎩ 0,
otherwise,

(4.15)

where ksample and csample are the sample stiﬀness and damping coeﬃcient respectively.
Using Eqs. (4.10)–(4.14), Eq. (4.15) can be written as:
⎧
⎪
⎪ −ksample A1 (2Δ − 1 − cos θ) + csample A1 ωdr sin θ,
⎪
⎨
Fts =
when π − cos−1 (1 − 2Δ) < θ < π + cos−1 (1 − 2Δ) ,
⎪
⎪
⎪
⎩ 0,
otherwise.

(4.16)

Eq. (4.16) can be substituted into Eq. (4.4) to calculate the tip-indentation formulas
corresponding to this tip-sample interaction model. The Fourier harmonics of tip
sample interaction force in Δ can now be determined exactly using MAPLE as:
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0
Fts,CON
S

=

1
Fts,CON
S =
1
=
Fts,DISS
2
Fts,CON
S =
2
Fts,DISS
=
3
Fts,CON
S =
3
Fts,DISS
=



p
�

1
¯
A1 ksample (2Δ − 1) π − θ1 + 2 Δ (1 − Δ) ,
π


p
1
¯
− A1 ksample (2Δ − 1) 2 Δ (1 − Δ) + π − θ1 ,
π


p
1
¯
A1 csample ωdr (2Δ − 1) 2 Δ (1 − Δ) + π − θ1 ,
π
p
16
− A1 ksample Δ Δ (1 − Δ) (Δ − 1) ,
3π
p
32
A1 csample ωdr Δ Δ (1 − Δ) (Δ − 1) ,
3π
p
�

16
− A1 ksample Δ Δ (1 − Δ) 2Δ2 − 3Δ + 1 ,
3π
p
�

16
A1 csample ωdr Δ Δ (1 − Δ) 2Δ2 − 3Δ + 1 ,
π

(4.17a)
(4.17b)
(4.17c)
(4.17d)
(4.17e)
(4.17f)
(4.17g)

where θ¯1 = cos−1 (2Δ − 1).

4.1.2.2

Kelvin-Voigt Model with Adhesion

The Kelvin-Voigt linear element model with an adhesion force Fad is as shown in
Figure 4.3(b) and is given by
⎧
⎨ −F − k
˙ when Z + q < 0,
ad
sample (Z + q) − csample q,
Fts =
⎩ 0,
otherwise.

(4.18)
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Following the approach described in the previous case, the tip-indentation formulas
can be determined as:
0
Fts,CON
S =

1
Fts,CON
S =

1
=
Fts,DISS
2
Fts,CON
S =

2
Fts,DISS
=
3
Fts,CON
S =

3
=
Fts,DISS

4.1.2.3



p
�

1
A1 ksample (2Δ − 1) π − θ¯1 + 2 Δ (1 − Δ)
π
�

1
− Fad π − θ¯1 ,
π


p
1
− A1 ksample (2Δ − 1) 2 Δ (1 − Δ) + π − θ¯1
π
p
4
+ Fad Δ (1 − Δ),
π


p
1
A1 csample ωdr (2Δ − 1) 2 Δ (1 − Δ) + π − θ¯1 ,
π
p
16
− A1 ksample Δ Δ (1 − Δ) (Δ − 1)
3π
p
4
+ Fad Δ (1 − Δ) (−1 + 2Δ) ,
π
p
32
A1 csample ωdr Δ Δ (1 − Δ) (Δ − 1) ,
3π
p
�

16
− A1 ksample Δ Δ (1 − Δ) 2Δ2 − 3Δ + 1
3π
p
�

4
+ Fad Δ (1 − Δ) 16Δ2 − 16Δ + 3 ,
3π
p
�

16
A1 csample ωdr Δ Δ (1 − Δ) 2Δ2 − 3Δ + 1 .
π

(4.19a)

(4.19b)
(4.19c)

(4.19d)
(4.19e)

(4.19f)
(4.19g)

Hertz Model

A schematic of the Hertz model is as shown in Figure 4.3(c) and is given by
⎧
⎨ 4 E ∗ √R(−Z − q)3/2 , when Z + q < 0,
3
Fts =
⎩ 0,
otherwise,

(4.20)

where R is the tip radius and E ∗ is the eﬀective Young’s modulus for the tip-sample
system given in terms of the moduli and Poisson’s ratios of the tip and sample by Eq.
(4.21). Note that the eﬀective modulus will be approximately equal to the modulus
of the sample when Etip >> Esample .
2
2
1 − νsample
1 − νtip
1
=
+
.
Etip
Esample
E∗

(4.21)
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Introducing Λ =



4 ∗
E
3

√ 
R , the tip-indentation formulas determined for Hertz model

are
0
Fts,CON
S =

1
Fts,CON
S =

2
Fts,CON
S =

3
Fts,CON
S =

⎛
⎞
√
2
ΔEK (3Δ − 5Δ + 2)
4 2
(3/2)
⎠,
ΛA1 ⎝
3π
+ΔEE (4Δ − 2)
⎛
⎞
√
2
ΔEK (Δ − 3Δ + 2)
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where ΔEK and ΔEE are the elliptic integrals, EllipticK

(4.22a)

(4.22b)

(4.22c)

(4.22d)

√ 
√ 
Δ and EllipticE
Δ

respectively. Note that the dissipative force harmonics will be zero here as the model
for tip-sample interactions do not include any dissipation.

4.1.2.4

DMT Model

The tip sample interaction force modeled with DMT contact mechanics including van
der Waals attractive forces and without any dissipation is given by
⎧
√
⎨ − HR2 + 4 E ∗ R(−Z − q)3/2 , when Z + q < 0,
6a0
3
Fts =
⎩ − HR 2 ,
otherwise,
6(Z+q+a )

(4.23)

0

where H is Hamaker constant and a0 is the intermolecular distance. Note that the
presence of the attractive van der Waals force term when Z + q > 0 did not lead
to closed form expressions for the tip-indentation formulas using MAPLE. Therefore,
we propose to approximate this in two diﬀerent ways: one where the non-contact
attractive part is completely neglected and another where it is approximated with a
linear attractive force. These two approximations are discussed in detail below.
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4.1.2.5

DMT Model with No Non-contact Attractive Force

A schematic of the DMT model with no non-contact attractive force is as shown in
Figure 4.3(d) and is given by
⎧
⎨ −F + 4 E ∗ √R(−Z − q)3/2 , when Z + q < 0,
ad
3
Fts =
⎩ 0,
otherwise,
Introducing Λ =



4 ∗
E
3

√ 
R and γ =

Fad
,
Λ(A1 )3/2

(4.24)

the tip-indentation formulas corre-

sponding to the DMT model with no non-contact attractive force are:
0
Fts,CON
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4.1.2.6

DMT model with Linear Non-contact Attractive Force

A schematic of the DMT model with linear non-contact attractive force is as shown
in Figure 4.3(e) and is given by
⎧
√
4 ∗
⎪
⎪
+
E
R(−Z − q)3/2 ,
when Z + q < 0,
−F
ad
⎪
3
⎨
Fts =
when 0 < Z + q < Fmad ,
−Fad + m(Z + q),
⎪
⎪
⎪
⎩ 0,
otherwise,

(4.26)

where m represents the slope of the linear attractive part of the interaction force.

√ 
Introducing Λ = 43 E ∗ R , γ = Λ(AFad)3/2 and β = Λ(Am)1/2 , the tip-indentation for1

1

mulas corresponding to the DMT model with linear attractive force can be obtained
as follows:
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2
where θ¯2 = cos−1 2Δ − 1 + βγ and α = 4Δ(1 − Δ) − 2(2Δ − 1) βγ − βγ 2 . While
1
Fts,CON
S =

this linear approximation to the van der Waals non-contact attractive force resulted
in closed form expressions for the force harmonics, an equivalence between this model
(Eq. (4.26)) and the original DMT model (Eq. (4.23)) needs to be established. We
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chose to do so by equating the areas under the non-contact attractive parts of the
interaction force models given by Eqs. (4.23) and (4.26) which resulted in a simple
relation m =

Fad
2a0

under the assumption a0 << A1 . This assumption is reasonable

especially for the AFM studies in ambient conditions or under vacuum as a0 is of the
order of Angstroms whereas A1 is of the order of tens of nanometers.
The relations given by Eqs. (4.27) connecting the force harmonics to indentation
and local material properties are validated using the data from VEDA simulation
(performed with a 26 N/m stiﬀ probe) presented at the end of Section 2.1. The input
simulation parameters Esample , Fad , R and the output parameters A1 , δmax are used
to calculate the conservative force harmonics using the tip-indentation formulas (Eqs.
(4.27)). They are compared with those from the simulations up to the 2nd harmonic
and are plotted against the set-point ratio in Figure 4.4. We can see from the ﬁgure
that the force harmonics from the tip-indentation formulas are in excellent agreement
(within 5%) to those from direct numerical simulations over set-point ratios ranging
from 0.15 – 0.9. This comparison is also performed with numerous simulations done
by varying Esample , Fad , A1,f ar and kf ar in the same ranges as were chosen earlier in
Section 2.1. The following remarks are drawn based on those comparisons:
(i) The force harmonics from tip-indentation formulas are within 10% to those
obtained directly from simulations over a large range (0.3 - 0.85) of set-point
ratios but start to deviate outside this range.
(ii) This deviation becomes larger with increasing Fad , especially for combinations
of higher Fad and lower Esample and kf ar values.

4.2

Method to Estimate Material Properties

The theory described above allows the estimation of local nanoscale properties of the
sample in a two step process. First a small subset of multi-harmonic microcantilever
observables, the amplitudes and phases of the 0th , 1st and 2nd , or the 1st , 2nd and
3rd are acquired during a regular tapping mode/AM-AFM scan. These are converted
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to an equal number of conservative and dissipative force harmonics using Eqs. (4.6).
Finally the unknown local physical properties in a chosen tip-sample contact mechanics model are ﬁt so that the force harmonics using the tip-indentation formulas Eqs.
(4.27) match the experimental force harmonics in a least square sense. For example, the unknown material properties in the DMT model are the sample modulus
(Esample ), force of adhesion (Fad ) and maximum indentation (δmax ). Therefore we
just need any three force harmonics to extract these three properties. In the present
work, the 0th , 1st and 2nd conservative force harmonics for DMT contact model given
by Eqs. (4.27a, b, c) are used to extract these three properties, although the method
can be easily extended to the 1st , 2nd and 3rd harmonic as well.
First, we demonstrate this property estimation approach using VEDA simulations.
Using the same microcantilever properties and observables A0 , A1 , φ1 , A2 and φ2 from
the simulation in Section 2.1 to obtain the 0th , 1st and 2nd conservative force harmonics
using Eq. (4.6). The obtained force harmonics are ﬁt to the tip-indentation formulas
for the DMT model with linear attractive force given by Eqs. (4.27a, b, c) using
nonlinear least squares to extract the material properties. The estimated properties
based on this approach are shown in Figure 4.5. As can be seen, the estimated
properties match the properties used in the simulation within 10% over a wide range
of set-point ratios.
The nonlinear ﬁtting process must be accompanied by an estimate of how good the
ﬁt is. Speciﬁcally, we have used the “lsqnonlin” function in Matlab to implement the
multi-harmonic approach with nonlinear least squares. The initial guess values for the
sample properties are chosen to be close to the expected values and the bounds on the
properties to be estimated are chosen to be about 50% above and below the expected
values. The solution is decided by maintaining positive “exitﬂag” values form the
“lsqnonlin” output which ensures the convergence of nonlinear least squares. In order
to check the goodness of the “lsqnonlin” ﬁts, we use the “resnorm” (nN2 ) which is
the squared 2–norm of the residuals form the “lsqnonlin” output. A non-dimensional
residuals norm Nr is deﬁned as the ratio of “resnorm” to the squared 2–norm of
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the force vector consisting of the 0th , 1st and 2nd conservative force harmonics. The
smaller the value of Nr , the better the nonlinear least squares ﬁt. As can be seen
from Figure 4.5, the Nr value for the simulated data is smaller than 0.1 over a wide
range of set-point ratios.

4.3

Experiments

The proposed multi-harmonic approach is validated with experiments performed on
a Cypher AFM in amplitude modulated mode under ambient conditions. We used
the PPP-NCLR probes from Nanosensors that have a stiﬀness in the range of 21–98
N/m and fundamental resonance frequency of 146–236 kHz. The sample used in this
work is a blend of Polystyrene and Polyoleﬁn elastomer (ethylene-octene copolymer)
or simply referred to as PS-LDPE [87], from Bruker AFM probes.

4.3.1

Experimental Observables and Corresponding Corrections

We describe here a set of experiments acquired with a microcantilever with calibrated
kf ar = 16.4 N/m, ωf ar = 161.8 kHz, Qf ar = 287 is used in the experiments. It is
driven at its fundamental resonance frequency ωf ar = 161.8 kHz with A1,f ar = 94
nm and brought closer to the sample gradually while acquiring the observables A0 ,
A1 , φ1 , A2 and φ2 on the PS region of the sample by implementing dual AC mode in
Cypher AFM with no excitation at the 2nd harmonic. As shown in Figure 4.6 as a
function of Z.
In theory, prior to the oscillating tip interacting with the sample, A2 should be
zero and φ2 should be undeﬁned. In practice, as seen in Figure 4.6, both these
2nd harmonic observables have a value at Z values far enough for no tip-sample
interactions to exist. Likewise, A0 prior to interaction should vanish in theory but is
non-zero in experimental data.
The origin of these artifacts and their correction are now described. The 0th
harmonic can slowly drift from zero even after the mean deﬂection from the micro-
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cantilever has been zeroed at the start of experiments. This artifact can be removed
by subtracting the mean A0 signal far from sample from the entire A0 vs. Z data
set. The 2nd harmonic observables are non-zero prior to start of interaction due to
electronic and photodiode nonlinearities. The 2nd harmonic is corrected by taking
the phase also into account using the following steps:
(i) Use the Eq. (4.28) given below to ﬁnd the actual 2nd harmonic from the measured data
A2,c cos(2ωdr t − φ2,c ) = A2,m cos(2ωdr t − φ2,m ) − A2,nl cos(2ωdr t − φ2,nl ), (4.28)
where A2,c , φ2,c and A2,m , φ2,m are the corrected and measured 2nd harmonic
amplitudes and phases respectively. A2,nl , φ2,nl are the average values of the
measured 2nd harmonic amplitude and phase in the raw data prior to the interaction. The amplitude A2,c obtained here will be the corrected amplitude.
While Eq. (4.28) is suﬃcient to correct the amplitude, the correction of phase
requires another step given below.
(ii) The phase φ2,c obtained above is further corrected in both the attractive and the
repulsive regimes separately such that the phase relations given by Eqs. (4.8)
and (4.9) hold good at the Z values where the dissipation is near zero, signaling
the very start of the tip-sample interaction. In order to ﬁnd the Z values where
the dissipation is minimum, we calculated the energy dissipation using A1 and
φ1 based on the approach presented in [96] and selected the Z values in both the
attractive (Z0,A ) and the repulsive (Z0,R ) regimes where the energy dissipation
is found to be the lowest (see Figure 4.7). The phase φ2,a is then shifted such
that the aforementioned phase relations are satisﬁed at those Z values in both
the attractive and repulsive regimes. The microcantilever observables obtained
after all these corrections are shown in Figure 4.8.
With these experimental corrections in place we show in Figure 4.9, the estimated
properties on the PS region of the sample while assuming a tip radius of 10 nm for the
estimation. For set-point ratios under 0.7, the estimated PS elastic modulus is very
close to the expected value of 2GPa [87] while the adhesion force varies only by 10%.
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The predicted indentation does change slightly as expected with changing set-point
ratios. Note that the goodness of nonlinear least squares is decided by maintaining
the Nr below 0.1 for all the experimental results presented here. Note that the 0th
and 2nd harmonic corrections required are described based on the dynamic approach
curves obtained on PS. These corrections are used as reference for correcting the
harmonic observables on both the PS and LDPE regions after imaging. This will be
discussed in detail in the following section.

4.3.2

Estimation of Properties of PS-LDPE from Experimental Imaging

The multi-harmonic method developed is further applied to maps of PS-LDPE sample
acquired at a speciﬁc set-point. We acquired the maps of observables with the same
microcantilever used under the same experimental conditions presented in Section 4.1
at a set-point ratio of 0.30 in the repulsive regime. The 0th and 2nd harmonic maps
are adjusted by referring to the corrected approach curves data on PS in the previous
section. This is done by matching the 0th and 2nd harmonic data on the PS region of
the maps to that on the corrected PS approach curves. These adjustments in the 0th
and 2nd harmonic maps on the PS region are assumed to correct those on the LDPE
region of the sample. It is reasonable to do so as both the approach curves and the
maps are acquired with the same microcantilever operated under same conditions in
the same experiment. The corrected maps thus obtained are shown in Figure 4.10.
Figure 4.10(a) shows the topography of the sample that consists of circular domains
of LDPE distributed over the ﬂat PS matrix as described earlier. Figures 4.10(b) –
4.10(f) show maps of microcantilever harmonic observables A0 , A1 , A2 , φ1 and φ2
respectively. Note that the size of these maps is 8 µm × 8 µm, consisting of 256 ×
256 pixels, acquired with a scan rate of 1 Hz.
The proposed multi-harmonic approach implemented with nonlinear least squares
is used to estimate the properties of the PS-LDPE sample from these harmonic observable maps and the estimated properties are as shown in Figure 4.11. The estimated
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maps of maximum indentation, sample modulus and force of adhesion are shown in
Figure 4.11(a) – 4.11(c) respectively and the corresponding histograms are presented
in Figures 4.11(e) – 4.11(g). The mean values of maximum indentation on PS and
LDPE are 2.70 nm and 13.85 nm respectively. The mean values of sample modulus
on PS and LDPE are 2.09 GPa and 104.46 MPa respectively and the mean values of
adhesion force on PS and LDPE are 1.94 nN and 10.98 nN respectively. These values
are in agreement with those reported in [36, 87, 88]. Note that the Nr representing
the goodness of nonlinear least squares is maintained below 0.1 for about 90% of the
data and is shown in Figures 4.11(d) and 4.11(h).
The properties are further estimated from the observable maps obtained at multiple set-point ratios (0.3, 0.4 and 0.5) and the corresponding data are presented in
Figure 4.12. As can be seen from the ﬁgure, the mean values of maximum indentation,
sample modulus and adhesion force on PS and LDPE are similar to those presented
earlier with relatively small standard deviations.

4.4

Summary

A multi-harmonic AFM method using standard AFM microcantilevers in a tapping
mode scan is presented that relies on using only a few harmonics of the microcantilever deﬂection to extract the nanomechanical properties of materials is proposed.
The method is developed for a variety of tip-sample interactions. The theory associated with the proposed method not only helps us gain important insights into the
relationships between the interaction force harmonics, microcantilever deﬂection harmonics and material properties, but also reveals the dependence of phases of higher
harmonics of microcantilever deﬂection on the ﬁrst harmonic phase. The analytical relationships are carefully validated through direct simulations of microcantilever
dynamics in VEDA. Experimental validation is performed on a PS-LDPE polymer
blend to map the local elastic modulus, indentation and adhesion from a single tapping mode/AM-AFM scan. The approach opens up the possibility of using a small set
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of weak multi-harmonic observables during standard tapping mode AM-AFM scans
in air/vacuum for quantitative nanomechanical mapping of heterogeneous samples.
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(a)
A1
A0
A1

Z

(b)
Interaction or
contact time

A1

A0

Conservative force
Dissipative force

Figure 4.1. (a) A schematic of an oscillating microcantilever showing
the key motion or displacement variables. The schematic emphasizes the
average deﬂection of the tip A0 , which is generally comparable to the set
point amplitude of the drive harmonic A1 . (b) A schematic of the time
history of the tip motion (in terms of θ) to the leading order, along with
the conservative and dissipative tip-sample interaction forces encountered
by the tip during this motion.
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Figure 4.2. A comparison of the conservative force harmonics obtained
from microcantilever observables and those obtained from direct numerical simulations in VEDA shows good match. The simulation is done with
a probe of kf ar = 26 N/m, ωf ar = 303 kHz, Qf ar = 456, R = 10 nm by driving it such that ωdr = ωf ar with A1,f ar = 85 nm. The dynamic approach
curves are simulated on a sample with Esample = 1 GPa by assuming DMT
contact (Eq. (4.23)) with Fad = 20 nN. Note that the green outlier data
at a set-point ratio of ≈ 0.9 is due to the resulting transients while the
microcantilever jumps from the attractive to the repulsive regime. This
can be avoided in simulations by choosing a slow approach speed of the
microcantilever towards the sample.
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Figure 4.3. A schematic diagram of the tip-sample interaction force models considered in this work. The force harmonic expressions are derived in
terms of material properties for each of these ﬁve interaction force models
using the multi-harmonic theory developed.
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Figure 4.4. A comparison of the conservative force harmonics obtained
from the tip-indentation formulas (Eq. (4.27)) and those obtained from
direct numerical simulations in VEDA shows good agreement over a wide
range of set-point ratio. The simulation is done with a probe of kf ar = 26
N/m, ωf ar = 303 kHz, Qf ar = 456, R = 10 nm by driving it such that ωdr =
ωf ar with A1,f ar = 85 nm. The dynamic approach curves are simulated on
a sample with Esample = 1 GPa by assuming DMT contact (Eq. (4.23))
with Fad = 20 nN. Note that the blue outlier data at around a set-point
ratio of 0.9 is due to the resulting transients while the microcantilever
jumps from the attractive to the repulsive regime. This can be avoided
in simulations by choosing a slow approach speed of the microcantilever
towards the sample.
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Figure 4.5. The predicted properties for the simulated data using the
proposed multi-harmonic property estimation approach. The estimated
properties from the current method are within 10% of the actual properties
used in the simulation over a wide range of set-point ratios. The simulation
is done with a probe of kf ar = 26 N/m, ωf ar = 303 kHz, Qf ar = 456, R
= 10 nm by driving it such that ωdr = ωf ar with A1,f ar = 85 nm. The
dynamic approach curves are simulated on a sample with Esample = 1 GPa
by assuming DMT contact (Eq. (4.23)) with Fad = 20 nN. Note that the
Nr shown is the metric used to decide the goodness of nonlinear least
squares ﬁt implemented with the proposed multi-harmonic method. The
solution is decided by consistently maintaining the Nr below 0.1 over a
wide range of set-point ratios.
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Figure 4.6. The raw dynamic approach data acquired on the PS region
of the PS-LDPE sample plotted against Z. Note that the 0th harmonic is
not zero prior to the interaction and needs to be adjusted. Similarly the
2nd harmonic amplitude and phase are also non-zero before the interaction
begins. This is attributed to the photodiode nonlinearity. Properties of
the microcantilever used for the experiments are kf ar = 16.4 N/m, ωf ar
= 161.8 kHz, Qf ar = 287, R = 10 nm, which is driven at ωdr = ωf ar with
A1,f ar = 94 nm.
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Figure 4.7. The attractive and repulsive regimes of interaction are identiﬁed based on the 1st harmonic phase. Energy dissipation is calculated [96]
based on which the Z0,A and Z0,R values are determined where dissipation is the lowest in both the attractive and repulsive regimes respectively.
These Z values along with the phase relations given by Eqs. (4.8) and
(4.9) are used to correct the 2nd harmonic phase. Properties of the microcantilever used for the experiments are kf ar = 16.4 N/m, ωf ar = 161.8
kHz, Qf ar = 287, R = 10 nm, which is driven at ωdr = ωf ar with A1,f ar
= 94 nm.
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Figure 4.8. The corrected approach data on the PS region of the sample.
The 0th harmonic is shifted such that it is zero before the interaction.
The nonlinearity in the 2nd harmonic is corrected and the corrected data
is shown along with the raw data. Properties of the microcantilever used
for the experiments are kf ar = 16.4 N/m, ωf ar = 161.8 kHz, Qf ar = 287,
R = 10 nm, which is driven at ωdr = ωf ar with A1,f ar = 94 nm.
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Figure 4.9. The estimated properties of the PS region of the sample
obtained using the proposed multi-harmonic approach. The predicted
modulus of PS is very close to the expected value of 2 GPa [87] over a
large set-point range. Note that Nr is below 0.1 for set-point ratios below
0.7. The properties of the microcantilever used for the experiments are
kf ar = 16.4 N/m, ωf ar = 161.8 kHz, Qf ar = 287, R = 10 nm, which is
driven at ωdr = ωf ar with A1,f ar = 94 nm.
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Figure 4.10. The harmonic observable maps acquired on the PS-LDPE
sample at a set-point amplitude of A1 = 28.2 nm. Note that these are the
corrected maps based on the correction of 0th and 2nd harmonics of the
approach curves data on PS. The properties of the microcantilever used
for the experiments are kf ar = 16.4 N/m, ωf ar = 161.8 kHz, Qf ar = 287,
R = 10 nm, which is driven at ωdr = ωf ar with A1,f ar = 94 nm. Note
that all the images are of size 8 µm × 8 µm, containing 256 × 256 pixels,
obtained with a scan rate of 1 Hz.
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Figure 4.11. The estimated properties of the PS-LDPE sample obtained
using the proposed multi-harmonic method. Maps of (a) maximum indentation (b) sample modulus (c) adhesion force and their respective histograms in (d), (e) and (f). Note that Nr is below 0.1 for about 90% of
the data in the maps and it is below 0.2 for about 98% of the data.The
properties of the microcantilever used for the experiments are kf ar = 16.4
N/m, ωf ar = 161.8 kHz, Qf ar = 287, R = 10 nm, which is driven at
ωdr = ωf ar with A1,f ar = 94 nm. All the images are of size 8 µm × 8 µm,
containing 256 × 256 pixels.
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Figure 4.12. The estimated properties of the PS-LDPE sample obtained
at diﬀerent set-points. The properties of the PS are similar for diﬀerent
set-points considered while the properties of the soft poylemr, LDPE are
changing by about 40% depending on the set-point. However, the standard deviation of the estimates is relatively small compared to the mean
values.
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5. CONCLUSIONS AND FUTURE DIRECTIONS
The development of new multi-harmonic methods for dynamic AFM to overcome some
of the challenges in sensing tip-sample interactions and estimating local nanomechanical material properties has been the central idea of this thesis. In this chapter, a
summary of the contributions of the thesis to dynamic AFM along with some future
directions and recommendations are presented.

5.1

Contributions and Conclusions

This thesis has developed some new multi-harmonic techniques in an eﬀort to contribute to the ongoing scientiﬁc research in the ﬁeld of dynamic AFM. Speciﬁcally,
new approaches are introduced to complement the conventional AM-AFM in view of
the understanding and convenience of an average AFM user for nanoscale imaging
and material characterization. These are summarized in this section.
A novel way of fabricating accelerometers on commercial AFM probes is proposed in Chapter 2. These accelerometers resemble tiny paddles and enabled direct
measurement of probe tip accelerations using the lateral channel of the photodiode.
This opened up an alternative to infer the tip sample interactions by circumventing
a number of issues associated with preexisting methods. The performance of these
paddle accelerometers is demonstrated with tapping mode experiments done on a
mica sample placed in deionized water.
In Chapter 3, an innovative solution is presented to enhance the optical lever
sensitivity in dynamic AFM by nearly an order of magnitude. The integration of
low frequency paddle oscillators with commercial AFM cantilevers made a ﬁvefold
enhancement in sensitivity possible. In addition, these paddles are integrated in
such a way that it resulted in nearly uniform enhancement in sensitivity over a wide
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frequency bandwidth. The eﬀectiveness of these low frequency paddle oscillators is
demonstrated by higher harmonic imaging in AM-AFM mode on a PS-LDPE polymer
blend sample. It was shown that these low frequency paddles enabled an order of
magnitude improvement in material contrast in higher harmonic maps.
In Chapter 4, a new multi-harmonic approach has been proposed that utilizes the
ﬁrst few cantilever harmonic observables while operating the AFM in the traditional
AM-AFM mode for quantitative estimation of the nanomechanical properties of materials. The theory associated with the proposed multi-harmonic method has been
developed that shows the relations between the interaction force harmonics, material
properties and the cantilever harmonic observables. It also gives an insight into the
dependence of higher harmonic phases on the phase of the fundamental harmonic for
the case of no dissipation. While some of the limitations of the method were explored
using simulations done in VEDA, its capability was demonstrated by quantitatively
estimating the properties of PS-LDPE polymer blend.

5.2

Future Recommendations

The following directions for future research can be explored based on the research
accomplished during the formation of this thesis. These directions could potentially
help develop the understanding and scope of application of the methods presented
here. They are discussed in the following sections.

5.2.1

Approximations using Tip-indentation Formulas to Extract Material Properties

The approach discussed in previous chapter to extract material properties was to
calculate force harmonics from the experimental observables and ﬁt those to the tipindentation formulas, in the least square sense. This approach would be tedious
since the tip-indentation formulas not only have nonlinear dependence on Δ (nondimensional indentation given by Eq. (4.12)) but also involve elliptic integrals in
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some cases. In order to simplify this, we can come up with some approximations
using these tip-indentation formulas. These approximations are discussed in this
section for the Hertzian contact mechanics model described by Eq. (4.20). The
unknown material properties in Hertz model are the sample modulus (Esample ) and
the maximum indentation (δmax ) which in turn depends on Δ. Therefore, we just
need two force harmonics to extract these two properties and we use the ﬁrst two
force harmonics for demonstration purposes.
The 1st and 2nd conservative force harmonics for Hertz contact model are given
by Eqs. (4.22 b, c). If we take the ratio of second to ﬁrst conservative force harmonic
and express the result as a Taylor series about Δ = 0, we get a simple polynomial
expression in terms of Δ given by Eq. (5.1). The range of Δ with in which this
simpliﬁcation is valid can be seen from Figure 5.1 where it is compared with the ratio
obtained using exact Eqs. (4.22 b, c). It can be observed from the ﬁgure that they
both are in good agreement with less than 1% error up to a Δ value of 0.5.
2
Fts,CON
1 2
S
=
−1
+
Δ
−
Δ
1
16
Fts,CON
S

(5.1)

The method to extract material properties using this simple approximation would
involve the following steps:
(i) Calculate the ﬁrst and second conservative force harmonics from the cantilever
harmonic observables (A1 , φ1 , A2 and φ2 ) using Eqs. (4.6 b, d).
(ii) Use Eq. (5.1) to obtain the corresponding Δ value from which δmax can be
obtained.
(iii) Substitute the Δ obtained into either Eq. (4.22b) or (4.22c) to get the equivalent
modulus E ∗ and then the Esample can be obtained from Eq. (4.21).
In order to check how this method works, it is applied on the data from a VEDA
simulation done with the probe used earlier for simulations in the previous chapter
(the probe with kf ar = 26 N/m) for the case when Esample = 1 GPa with Hertz contact
and no dissipation. The modulus predicted using this method and the actual modulus
are compared by plotting them against the set-point ratio in Figure 5.2. From the
ﬁgure it can be observed that the predicted modulus is close to the actual modulus
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with less than 20% error as long as the set-point ratio is less than ≈ 0.7. We can also
observe that the diﬀerence between the predicted and actual moduli is more at very
high set-points. Thus, approximations like these reduce the complications associated
with the nonlinear least square ﬁtting and provide an alternative to easily extract
material properties within a certain range of set-point ratio. However, one needs to
explore the diﬀerent aspects of these approximations such as the parameter space
within which they are applicable, the eﬀects of noise, etcetera to properly understand
their relevance before applying them.

5.2.2

The Eﬀect of Noise on Predictions using the Multi-harmonic Method

It is very common in experiments that noise aﬀects the experimental observables (the
cantilever tip deﬂection harmonics in the current work). Since the multi-harmonic
method is developed for AM-AFM and the fact that the bandwidth of the driving
mode in air is narrow, the higher harmonics of the driving frequency are very small
and are more likely to be aﬀected by noise. Therefore, it is important, from the point
of view of experiments: (i) to have a suitable probe depending on the sample that
enables the generation of higher harmonics with suﬃcient signal strength, or (ii) to
reduce the noise on higher harmonics, which can be achieved up to certain extent by
properly choosing the lock-in time constants.
The simulation results and corresponding discussions presented in the previous
chapter are based on VEDA simulations done without any noise. The multi-harmonic
method proposed here uses ﬁrst few harmonic observables, out of which the mean
deﬂection (0th ) and higher (2nd , 3rd , etc.) harmonics are two to three orders of
magnitude smaller than the 1st harmonic for AM-AFM in air. Therefore, an error
propagation analysis can be done with respect to these harmonics of tip deﬂection (A0 ,
A2 , φ2 , etc.) to understand how the noise on these observables aﬀects the predicted
properties of the sample. The knowledge acquired through this could signiﬁcantly aid
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in choosing suitable probes and experimental conditions based on the sample being
characterized.

5.2.3

Multi-harmonic Method Including Viscoelasticity

The tip sample interaction force model used in previous chapter (DMT with linear
attractive approximation) to extract properties of the PS-LDPE sample consists of
purely conservative forces. However, in general, it is most likely that the materials
being characterized will have some dissipation. In order to model the dissipative
forces, we can start by modeling them with Kelvin-Voigt viscoelastic forces [73]. Thus,
the net interaction force model consisting of both the conservative and dissipative
force components is
⎧
p
√
⎪
⎪ −Fad + 43 E ∗ R(−Z − q)3/2 − ηd˙ R(−Z − q),
when Z + q < 0,
⎪
⎨
p
Fts =
when 0 < Z + q < Fmad , (5.2)
−Fad + m(Z + q) − ηd˙ R(−Z − q),
⎪
⎪
⎪
⎩ 0,
otherwise,
where η is sample viscosity that accounts for the viscoelastic forces in the model.
Substituting d = A1 (−2Δ + 1 + cos θ) from Eq. (4.13) into Eq. (5.2) and following
the procedure described in Section 4.1.2, the force harmonics in terms of material
properties can be derived. Note that there are four material properties to be extracted (δmax , E ∗ , Fad and η). Therefore we need at least four force harmonics in
terms of material properties and four force harmonic equations in terms of cantilever
observables to evaluate these four unknown material properties. Thus, from the point
of view of experiments, it is required to measure four harmonics of the cantilever deﬂection. This might be challenging as the higher harmonics of cantilever deﬂection
will often be close to the noise ﬂoor for AFM experiments in air. In such situations
we can use the probes with low frequency paddle oscillators to boost the SNR of those
higher harmonic signals.
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obtained from the simple approximation given by Eq. (5.1) is in good
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dynamic approach curves simulated with a probe of kf ar = 26 N/m, ωf ar
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APPENDIX A: DERIVATION OF THE PHASE RELATIONS
The theory developed as a part of Chapter 4 helps us understand the dependance of
the higher harmonic phases on the 1st harmonic phase when the tip-sample interactions are purely conservative. To derive these phase relations, we reproduce here the
following two sets of equations from Chapter 4:
Z
1 2π
2
Fts cos 2θ dθ,
Fts,CON S =
π 0
Z
1 2π
2
Fts sin 2θ dθ,
Fts,DISS =
π 0
Z
1 2π
3
Fts cos 3θ dθ,
Fts,CON S =
π 0
Z
1 2π
3
Fts,DISS =
Fts sin 3θ dθ.
π 0

2
Fts,CON
S

=

2
Fts,DISS
=
3
Fts,CON
S =
3
Fts,DISS
=



2
kf ar A2 −3 cos(2φ1 − φ2 ) −
sin(2φ1 − φ2 ) ,
Qf ar


2
kf ar A2 3 sin(2φ1 − φ2 ) −
cos(2φ1 − φ2 ) ,
Qf ar


3
kf ar A3 −8 cos(3φ1 − φ3 ) −
sin(3φ1 − φ3 ) ,
Qf ar


3
kf ar A3 8 sin(3φ1 − φ3 ) −
cos(3φ1 − φ3 ) .
Qf ar

(A.1a)
(A.1b)
(A.1c)
(A.1d)

(A.2a)
(A.2b)
(A.2c)
(A.2d)

Note that the second term in Eqs. (A.2) can be neglected since Qf ar >> 1 in air and
vacuum. This results in:
2
Fts,CON
S = kf ar A2 [−3 cos(2φ1 − φ2 )] ,
2
Fts,DISS
= kf ar A2 [3 sin(2φ1 − φ2 )] ,
3
Fts,CON
S = kf ar A3 [−8 cos(3φ1 − φ3 )] ,
3
Fts,DISS
= kf ar A3 [8 sin(3φ1 − φ3 )] .

(A.3a)
(A.3b)
(A.3c)
(A.3d)
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Note that the derivation of the phase relations is discussed here with reference
to the DMT contact mechanics model which consists of both the attractive and the
repulsive interactions. If the interactions are purely conservative, the dissipative
2
3
and Fts,DISS
will be zero.
components of the tip-sample interaction force, Fts,DISS

Therefore, Eqs. (A.3b) and (A.3d) would yield, sin (2φ1 − φ2 ) = 0 and sin (3φ1 − φ3 )
= 0 respectively. Thus, both (2φ1 − φ2 ) and (3φ1 − φ3 ) could have two possible
solutions: 0 or π.
In order to decide which of these two is the correct one, we use the integral
equations given by Eqs. (A.1a) and (A.1c) in conjunction with the conservative force
harmonic expressions given by Eqs. (A.3a) and (A.3c). Note that the sign of these
force harmonics depends on the interaction regime. For attractive interactions, we
2
3
get the sign of Fts,CON
S from Eq. (A.1a) to be negative and the sign of Fts,CON S from
2
2
Eq. (A.1c) to be positive (See Figure A.1). Since the signs of Fts,CON
S and Fts,CON S

are negative and positive respectively, from Eqs. (A.3a) and (A.3c), cos (2φ1 − φ2 )
and cos (3φ1 − φ3 ) have to be positive and negative respectively. Only one out of the
two possible solutions (0 or π) could satisfy these conditions. Thus, we get:
In attractive regime (φ1 > π/2) : 2φ1 − φ2 ≈ 0,

(A.4a)

3φ1 − φ3 ≈ π,

(A.4b)

Following a similar logic for repulsive interactions, we get:
In repulsive regime (φ1 < π/2) : 2φ1 − φ2 ≈ π,

(A.5a)

3φ1 − φ3 ≈ 0.

(A.5b)

Note that these phase relations are veriﬁed using a number of simulations performed
in VEDA [74–76]. These phase relations are used to correct the 2nd harmonic phase
of the experimental data presented in the main manuscript as well as here.
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Attractive
(a)

(b)

Repulsive
(c)

(d)

Figure A.1. Schematic diagrams for illustrating the signs of 2nd and 3rd
conservative force harmonics given by Eqs. (A.1a) and (A.1c) respectively.
Note that the integrands in Eqs. (A.1a) and (A.1c) are shown in blue color
in these schematics. In attractive regime: (a) the integrand in Eq. (A.1a),
Fts cos 2θ is predominantly negative which results in a negative sign for the
2
integral or Fts,CON
S (area under the blue curve); (b) the integrand in Eq.
(A.1c), Fts cos 3θ is predominantly positive which results in a positive sign
3
for the integral or Fts,CON
S . In a similar way for repulsive interactions:
(c) the integrand Fts cos 2θ is predominantly positive resulting in a positive
2
sign for Fts,CON
S ; (d) the integrand Fts cos 3θ is predominantly negative
3
resulting in a negative sign for Fts,CON
S.
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